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A novel idea is proposed for a natural solution of the dark energy and its cosmic coincidence problem.
The existence of local antigravity sources, associated with astrophysical matter configurations distributed
throughout the Universe, can lead to a recent cosmic acceleration effect. Various physical theories can be
compatible with this idea, but here, in order to test our proposal, we focus on quantum originated
spherically symmetric metrics matched with the cosmological evolution through the simplest Swiss cheese
model. In the context of asymptotically safe gravity, we have explained the observed amount of dark energy
using Newton’s constant, the galaxy or cluster length scales, and dimensionless order-one parameters
predicted by the theory, without fine-tuning or extra unproven energy scales. The interior modified
Schwarzschild—de Sitter metric allows us to approximately interpret this result as that the standard
cosmological constant is a composite quantity made of the above parameters, instead of a fundamental one.
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I. INTRODUCTION

The so-called cosmological constant problem is nothing
more than the simple observation, due to Zeldovich, that
the quantum vacuum energy density should unavoidably
contribute to the energy-momentum of the Einstein equa-
tions in the form of a cosmological constant. The recent
discovery of a Higgs-like particle at the CERN Large
Hadron Collider provides the experimental verification of
the existence of the electroweak vacuum energy, and thus of
the reality of the cosmological constant problem. The
obvious absence of such a huge vacuum energy in the
Universe has led to theoretical and phenomenological
attempts to cancel out this vacuum energy, which are all
so far subject to fine-tuning problems [1-4].

On the other hand, the observational evidence of the
accelerated expansion of the Universe [5—11] has intro-
duced the notion of dark energy. One option is that the dark
energy is due to a cosmological constant A in the ACDM
model, where in this case the explanation of the huge
discrepancy between this observed A and the expected
quantum vacuum energy is rather more pertinent. Even if
the dark energy has nothing to do with the quantum vacuum
energy, but is due to quite different phenomena, the
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cosmological constant problem remains as a hard problem
in physics. In any case, the existence of dark energy is
associated with another cosmological puzzle, the so-called
cosmic coincidence problem. The latter refers to the need
for an explanation of the recent passage from a deceleration
era to present acceleration cosmic phase.

The aim of the present work is twofold: First, to propose
a novel idea for a natural solution to the dark energy issue
and its associated cosmic coincidence problem of recent
acceleration. Second, to implement this idea through an
interesting and concrete scenario, among others, which
explains the correct amount of dark energy without the
introduction of new and arbitrary scales or fine-tuning.

The proposed solution is based on the simple idea that
the acceleration/dark energy can be due to infrared mod-
ifications of gravity at intermediate astrophysical scales
which effectively generate local antigravity effects. The
cosmological consequence of all these homogeneously
distributed local antigravity sources is an overall cosmic
acceleration through the matching between the local and
the cosmic patches. Before the appearance of astrophysical
structures (galaxies, clusters of galaxies), such antigravity
effects do not exist, and therefore, the recent emergence
of dark energy is not a coincidence but an outcome of the
recent formation of structure. Before the appearance of
structure and the emergence of sufficient repulsive effects,
the conventional deceleration scenario is expected.
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Various physical theories (alternative gravities, extradi-
mensional gravities, quantum gravities, etc.) can be imple-
mented and be compatible with the previous general idea,
providing intermediate distance infrared modifications
which act as local antigravity sources. It is worth to notice
that when the same physical theories are applied directly at
the far infrared cosmic scales do not necessarily give
comparable or significant cosmological effects. So, a dark
energy of local origin in the Universe is not an equivalent or
alternative description, but can be a necessity in order to
reveal the relevant phenomena at intermediate scales.
Quantum theories of gravity, in particular, provide types
of models where local repulsive effects are naturally
expected (for example, a quantum gravity origin of neg-
ative pressure can be formed in the interior of astrophysical
black holes). Asymptotically safe (AS) gravity [12] is one
of the promising quantum gravity frameworks that we will
elaborate more thoroughly in the following sections in
relation to the previous ideas. We will show in our most
successful scenario that the observed dark energy can be
explained from the Newton’s constant, the galaxy or cluster
length scales, and dimensionless order-one parameters
predicted by AS theory, without fine-tuning or introduction
of new scales. This can approximately be interpreted as that
the observed cosmological constant A is not a fundamental
parameter, but it is composite and naturally arises from
other fundamental quantities.

In order to study the effect of all local sources of
antigravity in the cosmic evolution, we adopt in the present
work a simple Swiss cheese model by matching a homo-
geneously and isotropic spacetime with the appropriate
local spherically symmetric metrics [13], and this formu-
lation is presented in Sec. II. As an introductory step to set
up the Swiss cheese evolution equations, we work out in
Sec. III the classical Schwarzschild metric. In Sec. IV, we
provide some general thoughts on the relation between a
possible locally originated dark energy and the coincidence
problem. In Sec. V, the Schwarzschild—de Sitter black hole
is discussed with respect to the above scenario. In Sec. VI,
quantum improved Schwarzschild—de Sitter metrics are
considered; quantum gravity effects may indeed introduce
an explicit or effective cosmological constant which arises
from ultraviolet or infrared modifications of gravity [ 14—18].
Finally, Sec. VIl is the largest and most important one, where
the AS theory is applied in the context of our ideas. The first
subsection VII A discusses the running of the cosmological
constant close to the Gaussian fixed point of the AS evolution
and the resulting cosmology is practically indistinguishable
from the ACDM scenario with the same fine-tuning prob-
lems. The last subsection VII B discusses in detail, for the
running of the cosmological constant close to the infrared
(IR) fixed point of the AS evolution, the quite interesting
emergence of the dark energy out of known physical scales
and parameters predicted by the theory, and provides a
natural explanation to the recent cosmic acceleration without

obvious observational conflicts with internal dynamics of
galaxies or clusters. We finish with the conclusions in
Sec. VIIIL.

It is worth mentioning that attempts to explain accel-
eration without a dark energy component, or also to
produce dark energy, all due to structure formation, have
already appeared in the literature (e.g., [19,20,21] and
references therein). The existence of structure formation in
the Universe implies a nonlinear local evolution, while the
distribution of the nonlinear regions is homogeneous and
isotropic above a current homogeneity scale of the order
100 Mpc. The apparent recent cosmic acceleration could be
the effect of inhomogeneities and/or anisotropies on the
average expansion rate, broadly referred as backreaction.
This approach can potentially solve the coincidence prob-
lem too. However, it is fair to say that our viewpoint in
the present work is different. In the averaging procedure,
the matter is treated as a usual pressureless ideal fluid in the
context of general relativity, gravity has the standard
attractive behavior inside the structure, and cosmic accel-
eration arises due to the nontrivial complexity of the
considered solution; there are no explicit antigravity forces
and repulsive effects come only through averaging. Here,
on the contrary, the acceleration and the dark energy come
from the existence of antigravity sources related to the
astrophysical structures in a as simple as possible spacetime
and no averaging is performed; in the present work, these
repulsive forces are basically of quantum origin as AS
suggests, although in general, they can be of some other
geometric nature generated by some modified gravity
theory with IR gravity modifications. In our approach,
this simple spacetime is described as a first step by the
homogeneous Swiss cheese model with its known
Schucking matching surface, although a better approxima-
tion would be to use inhomogeneous Swiss cheese models
(e.g., some analogues of Lemaitre-Tolman-Bondi or
Szekeres); averaging processes in this case are expected
to enhance the cosmic acceleration found here. A different
scenario, where structure is responsible for acceleration,
was presented in [22]; in a five-dimensional setup, a brane-
bulk energy exchange in the interior of galactic core black
holes produces a sufficient negative dark pressure to play
the role of dark energy.

I1. SWISS CHEESE MODELS

The Swiss cheese cosmological model, first introduced
by Einstein and Strauss [13], is solution of general relativity
that globally respects homogeneity and isotropy, while
locally describes a spherically symmetric solution. Other
more general Swiss cheese models refer to inhomogeneous
solutions. A Swiss cheese model with spherical symmetry
overcomes the difficulty of how to glue a static solution of
the theory at hand within a larger time-dependent homo-
geneous and isotropic spacetime. The idea is to assume a
very large number of local objects homogeneously and

123542-2



SOLUTION OF THE DARK ENERGY AND ITS ...

PHYS. REV. D 97, 123542 (2018)

isotropically distributed in the Universe. The matching of
a spatially homogeneous metric as the exterior spacetime to
a local interior solution has to be realized across a spherical
boundary that stays at a fixed coordinate radius in the
cosmological frame while evolves in the interior frame.
Let us consider a four-dimensional manifold M with
metric g,, and a timelike hypersurface £ which splits the
spacetime M into two parts. The spacetime coordinates are
denoted by x* (u,v,... are four-dimensional coordinate
indices) and can be different between the two regions. The
coordinates on X are denoted by )(i (i, j,... are three-
dimensional coordinate indices on X). The embedding of
in M is given by some functions x*( ). The unit normal
vector n* to X points inwards the two regions. The first
relevant quantity characterizing ¥ is the induced metric
h,, = g, — n,n, coming from the spacetime in which it is
embedded. The second quantity is the extrinsic curvature
K, = hl’jhﬁnk; 2> where a ; denotes covariant differentiation
with respect to g,,. In the adapted frame where x*, say ¥,
contains X with X'|z =’ and some extra transverse
coordinate, it is &;; = g;;. However, this quantity can be
expressed in terms of arbitrary spacetime coordinates x* as

Oxt Ox”
hij =9 G o (2.1)
Similarly, for the extrinsic curvature itis K;; = n;.;, and can
be expressed as

on Ox"\ OxH

K= (g~ Tim ) 5y 22
0 x* Ox* Ox”
- - P ar— Iﬁ/1 - I 23

" <3)(’8;ﬂ T O o ) 23)

where I'},, are the Christoffel symbols of g, .

Continuity of the spacetime across the hypersurface X
implies that /;; is continuous on X, which means that 4;; is
the same when computed on either side of Z. If we consider
Einstein gravity with a regular spacetime matter content
and vanishing distributional energy-momentum tensor on
2, then the Israel-Darmois matching conditions [23] imply
that the sum of the two extrinsic curvatures computed on
the two sides of X is zero.

The model of Einstein-Strauss refers to the embedding of
a Schwarzschild mass into FRW cosmology. Here, we shall
assume a general static spherically symmetric metric which
matches smoothly to a homogeneous and isotropic cos-
mological metric. In spherical coordinates. the cosmologi-
cal metric takes the form

dr?

ds* = —dt* + d*(t) 1 + r2(d6? + sin0dg?) |,

—xr?
(2.4)

where a(t) is the scale factor and k = 0, =1 characterizes
the spatial curvature. In these coordinates, a ‘““spherical”
boundary is defined to have a fixed coordinate radius
r = ry, with ry constant. Of course, this boundary is seen
by a cosmological observer to expand, following the
universal expansion. If X = (1, r, @, ¢) are the coordinates
of the metric (2.4), then the hypersurface X is determined
by the function f(¥) = r — ry = 0 and the cosmological
metric occurs for » > ry. From the coordinates ¥ one can
parametrize X by the coordinates y' = X'|y = (1,0, ¢), and
therefore, on X, it is ¥ (x') = (¢, rg, 0, @). The unit normal
vector can be calculated from

] 7
n, = ————,
N TR

where a comma means differentiation with respect to x*.
Obviously, the plus sign in (2.5) makes certain that i# is
inward of the cosmological region (to the direction of
increasing r). Thus,

(2.5)

(2.6)

a
n,=10,———,0,0.
g ( \/I—K}’% )

Note that #* is spacelike, 7*71, = 1, as expected.
The interior region r < ry is replaced by another metric
which has the following form,

2

dR
ds> = —J(R)F(R)dT? +

R2(d6* in20dq¢?),
F(R)+ (d6&? + sin*0dg?)

(2.7)

where J, F > 0. This metric represents a static spherically
symmetric spacetime in Schwarzschild-like coordinates.
The functions F(R) and J(R) are given by the specific
metric in use. Since the two-dimensional sphere (0, ¢) is
the common fiber for both metrics (2.4), (2.7), the position
of X in the spacetime described by (2.7) does not depend on
0, ¢ and is given by the functions T = Tsx(r), R = Rg(?).
The subscript S refers to Schucking, Ry is called Schucking
radius and it is time dependent. Therefore, the spherical
boundary does not remain in constant radial coordinate
distance in the Schwarzschild-like patch as the Universe
expands. The coordinates * = (T, R, 0, p) of the metric
(2.7) take on X the form % (') = (Ts(1), Rs(1), 0, @). The
unit normal vector 7## cannot be calculated now directly
from a formula as (2.5), since the function f(i*) of the
matching surface is now unknown. However, due to the
symmetry, it is expected that 7y =, = 0; therefore,
the orthonormality of 71# will provide two conditions for
iip, ig. Indeed, since the three vectors % are tangent to X,

B _ 0 imnlies 7. — 5 —
ax,-—Olmphes ng =n, =0 and

the condition 7 "
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dTs | dRs .
d—[SnT + TtsnR = O (28)
Furthermore, from ﬁ”ﬁ” — 1, one obtains
I, A2
J—FnT—FnR:—l, (2.9)

where J, F are located at Rg.

So far, we have established the geometrical setting on the
two sides of the boundary hypersurface. The junction of the
two regions on X demands h;; = j h;; j» which provides
through (2.1) the conditions

dT dRs\ 2
F =) =1
(%) -+ (%)

RS = dars.

(2.10)

and
(2.11)
The two Egs. (2.10) and (2.11) can also arise more easily

from the two expressions for the induced metric on X
coming from (2.4), (2.7):

dst = —di* + a’ri(d0* + sin’0dg?) (2.12)
B dTs\? 1 [(dRg )
(@) (@)

+ R2(d6* + sin*0dg?). (2.13)

Solving (2.8), (2.9) for 717, fip and using (2.10), we find the
normal vector ## from

2.14
dt d ( )

h, = (e\/j&,—ex/_dTS 0, 0>
where ¢ = £1. The demand that 72* is inward the central
void (to the direction of decreasing R) implies 7ip < 0.
Additionally, the forms of 7,, 71, show that the directions
defined by the coordinate axes 7', R are different than those
of t, r; however, the centers of the two coordinate systems
coincide.

What remains is the matching of the two extrinsic
curvatures on X, i.e., the demand K it K ii= 0. Due to
the simple form of 7, the extrinsic curvature K;; in the
cosmological region can be easily computed from either
Eq. (2.2) or (2.3) as

_ _ 1
J— 7 ro__ n AT A
Kij = —=nTI% = >n.9"gijr

5 (2.15)

and finally

(I_{n, I_{gg, I_{(pga) = \/ITKEMZ(O, 1, Sinzg).

In the interior region, the computation is more involved
and it is slightly more convenient to use the expression
(2.3) to compute k The corresponding nonvanishing
Christoffel symbols are %, = JF2[T, = (JF’ +FEJ),
IRy =L, R =sin?0, = —RFsin%0, FRQ FR(/) i,
FZ,/) —sindcos 0, fgw = cotf, where a prime denotes
differentiation with respect to R. Then, it arises that all

(2.16)

f(l.j = 0 for i # j, while IA('W = sin? Hkgg,
Kgp = —igl'B = RgFiig (2.17)
A . d*Ty . d’Ry PR dTS
= —fr——fp——=—1
it T dt2 R dt2 RYTT dt
“ dRS 2 N dTS dRS
— R (225} — 25, T 2.18
ng RR<dt> nrl rp—— dr dr ( )

Finally, the condition Ky + Kgg =
gives the consistency equation

dTg _ e/ 1 —«kriars (2.19)

dt RsFVI

which, with the use of (2.11), takes the form

0 (or equivalently for ¢)

% € l—Kr%

== 2.20
dt F\J (220
It then follows from (2.10) that
dR
<d—t3) =1 —«xr} — F(Ry). (2.21)

Therefore, Egs. (2.20) and (2.21) determine the position of
¥ in the space (7, R). From (2.20) it is obvious that indeed
itis g < 0.

The final task is the examination of the matching
condition K,, + K,, = 0, i.e., K,, = 0. This equation con-
tains the second time derivatives of 7'y, Ry that we need to
calculate. From Egs. (2.20) and (2.21), it arises

d*Ty (F\J) dRg
PR —e\/ 1 —kr IS (2.22)
&Ry F
—_— = ——. 2.23
dr? 2 (2.23)

Using all the previous expressions in (2.18), it turns out that
J' =0, which means J'(Rg) =0. This relation, due to
(2.11), implies in general an algebraic equation for a(?),
which will be inconsistent with Eq. (2.21). There are,
however, various functions J(R) which satisfy this equation.
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For example, a consistent choice is that J(R) is constant
throughout (as happens in Schwarzschild metric), and in
this case without loss of generality we can rescale T so that
this constant is one. Another consistent case would be J(R)
to be a power series of the form J(R)=J(Ry)+
¢1(R — Rg)? + ....The successful matching has proved that
the choice of the matching surface ¥ was the appropriate
one.

III. GENERAL RELATIVITY BLACK HOLES
AND THE ENSUING FRW COSMOLOGY

If the black hole is described by the classical
Schwarzschild solution, i.e.,

2GyM

F(R) = 1-=2=,

JR) =1, (3.1

Eq. (2.21) provides through (2.11) the cosmic evolution of
the scale factor a. Namely, we take

2 2GyM
=2 v K (3.2)

27 3,3 2’
a rya a

where a dot denotes differentiation with respect to cosmic
time ¢. This equation is qualitatively similar to the standard
FRW evolution with dust (zero pressure) as its cosmic fluid
and a possible curvature term. Of course, in order for this
solution to be physically realistic and represent a spatially
homogeneous universe, not just a single sphere of comov-
ing radius ry should be present, but a number of such
spheres are uniformly distributed throughout the space.
Otherwise, there would exist a preferred position in the
Universe. Each such sphere can be physically realized by
an astrophysical object, such as a galaxy (with its extended
spherical halo) or a cluster of galaxies, which we assume
that it has a typical mean mass M. It will be seen that the
Schuching radius lies outside the real border of the
astrophysical object; therefore, F(Rg) in (2.21) is provided
by the value of the expression (3.1) (otherwise, we would
meet the inconvenient situation to consider an interior
Oppenheimer-Volkof type of solution or some other more
realistic matter profile). This means that for the value
F(Rg), which is our only interest in order to make the
matching and derive the cosmological metric, it is like if all
the mass M is gathered at the center of the spherical
symmetry. The same is true for other spherically symmetric
metrics, modifications of Schwarzschild solution, to be
discussed later. Furthermore, Eq. (2.23) gives

i GwM
5:—%’ (3.3)
rza

which indicates a decelerated expansion.
In order for Eqgs. (3.2) and (3.3) to describe precisely
a standard matter-dominated universe, the matter dilution

term in (3.2) should be 8”3G Y p, where p is the cosmic matter

energy density, and the term in (3.3) should be —4”3GN p.
Therefore, we make the standard assumption of Swiss
cheese models that the matching radius ry is such that when
its interior region is filled with energy density equal to the
cosmic matter density p, the interior energy equals M.

Namely, we set

B B 3M
N %”Rg Cdarid®’

p (3.4)

This condition can also equivalently be interpreted that the
mass M of the object is uniformly stretched up to the radius
ry. Since in any case the mass M can be considered that is
located at the center of spherical symmetry, the above
definition of ry offers a simple way to determine the
spheres where the matching with the cosmological metric
occurs. Although this definition is certainly ad hoc and uses
the mass M of the object and the cosmic density p, it has the
merit that it avoids using other details of the structure, such
as the size of the object and the distance between similar
structures. However, still in the Swiss cheese model,
the cosmic evolution remains exactly the same as in the
cosmological picture.
It is now clear that Egs. (3.2) and (3.3) become

8rG K
H =N, = 3.5
3 P (3.5)
d 47Z'GN
Z== ) 3.6
; 3 P (3.6)

If we define the matter density parameter in the conven-
tional way

8nGyp
Q = , 3.7
m 3H2 ( )
it is found
2GyM \3
ry = <%>3 (3.8)
QmOaOHO

where a subscript 0 denotes the current value.

Let us suppose we want to model a universe consisting
of two types of dust with different densities, p; and p, (e.g.,
dark matter and stars or black holes). In order to avoid
unnecessary technical complexity arising from inhomo-
geneous placement of dusts, it would be a fair approxi-
mation to describe the cosmic evolution assuming that
the Universe is filled with a homogeneous distribution of
spherical configurations that consist of two spherical
objects that have different masses M; and M, within
the Schucking radius Rg. The quantities p;, M, satisfy
Eq. (3.4) and similarly for the other ingredient. Since the
total cosmic energy density p is the sum of the two energy
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densities py, p,, it is implied that the matching is performed
as before with the difference that now the mass M of
the central object is the sum of the two masses, i.e.,
M =M, + M,. In this case, the same Egs. (3.2) and
(3.3) apply, with M this total mass.

Let us finish with a few numerics. The present value of the
Hubble parameter will be taken as Hy = 0.72 x 10710 yr=!,
In the present work, we are not going to perform fittings to
real data, where H, could also be considered as a fitted
parameter. We will use as a typical mass for a galaxy M =
10'" M, and for a cluster of galaxies M = 10'> M, (with
M, the solar mass) in order to give some estimates. If we
ignore the term of spatial curvature in (3.5), then Q,, =1,
and Eq. (3.8) gives for the galaxy rs = 0.56 Mpc and for the
cluster rs = 12 Mpc (for a realistic €,,, these distances
become larger). Since the typical radius of a spiral galaxy
(including its dark matter halo) is R, = 0.15 Mpc, it is
obvious that ry is a few times larger than the galactic radius.
Moreover, the mean distance between galaxies is a few Mpc,
thus, the Schucking radii of two neighboring galaxies do not
overlap. As for clusters, they have radii from R;, ~ 0.5 Mpc
to R, & 5 Mpc, and therefore, ry is again outside the cluster.
If a mean distance between the borders of two adjacent
clusters is something like 20 Mpc, the two Schucking radii
still do not intersect.

IV. A PERSPECTIVE FOR THE
COINCIDENCE PROBLEM

In the ACDM model, A has been found observationally
to be of the order H3 (more precisely, A = 3Q,oH3,
Qo =~ 0.7). This means that the energy scale defined by

V/A is extremely small compared to the Planck mass scale
Mp; (which is a typical scale of gravity), and also its
energy density py = g~ ~ 2.8 x 107! eV* ~ (1077 eV)*
is many orders of magnitude smaller than the theoretical
vacuum energy value p,,. estimated by quantum correc-
tions of quantum field theory with any sensible cutoff. This
discrepancy is called the cosmological constant problem,
which is the most severe hierarchy problem in modern
physics. It is also called the fine-tuning problem since
adding a bare cosmological constant of opposite sign in the
action to cancel p,,., this should be tuned to extreme
accuracy in order to give the effective value 1073 eV above
(if supersymmetry is restored in the high energy, extreme
and unnatural fine-tuning is still needed). Even if the
present dark energy in the Universe has nothing to do
with a cosmological constant, the question of understand-
ing why the estimated quantum vacuum energy cancels out
and does not contribute, still remains and may need
quantum gravity or other physics to be discovered.
Beyond the previous problem, why A is so extraordi-
narily small, there is an extra question named coincidence
problem, related to the specific value of A ~ H3. Since the
energy density p falls like p ~ a3 starting from a huge

(if not infinite) value, why does it happen today to be
8xGypo ~ A (actually 8xGypy =~ 0.4A), and not a very big
or a very small proportionality factor to be present? Why
are dark matter and dark energy of the same order today,
po ~ pa? Moreover, since /A ~ Hy, the time scale 7, ~
1/+/A is of the same order as the age of the Universe Hy',
something that did not need necessarily to be the case.
There are three unrelated quantities p,, A, Gy and there is
no obvious reason why they should be related like that. To
be more precise, the same relation 82Gyp ~ A holds
recently, for 0 < z < O(1), which means for a few billion
years (taking into account the time, it may be thought that
the problem is not so sharp). On the contrary, such a
relation between Gyp and A could have happened in the
very past, at even larger redshifts (which is probably
precluded by anthropic arguments), and this implies that
today we would have a universe full of cosmological
constant and negligible matter contribution. Or, finally,
such a relation could occur in the very future, and today we
would observe matter domination with negligible A. It is
the same to say that although the Hubble parameter started
in the past from huge values (if not infinite), recently it is
H?> ~ A ~8zGyp, and not H> ~ A/3 or H> ~ 8xGyp/3.
To realize better the clear sensitivity of the recent coinci-
dence on the value of A, let us assume that the cosmological
constant was just one hundred times larger than the
observed one. Then its coincidence with the matter would
have occurred at a redshift of almost 5, and today the dark
matter would be less than just one percent of the dark
energy. Or at the other end, if A was one hundred times
smaller than the observed value, its coincidence with the
matter would occur at a redshift of almost —0.7, and today
the dark energy would be almost two percent of the dark
matter. Therefore, the coincidence problem appears
because A takes a value inside a very narrow range of
the p values. In terms of the flatness parameters the
coincidence problem is stated by a relation of the form
Q.0 ~ Qpp, and not Q,,, K Qg or Q,,9 > Q. Ignoring
K, it holds Q,, = 1, Q, =~ 0 for a broad range of redshifts in
the past until recently, where it is Q,, ~ Q,. In the far future
it will be Q,, =~ 0, Q, ~ 1. Acceleration exists as long as
2Q, > Q,,.

In general dark energy models, the coincidence problem
is formulated through the observational current acceleration
along with the relation €,y ~ Qpg o, while in the past it is
strongly believed, due to structure formation reasons, that it
was Q,, = 1, Qpg =~ 0. The dark energy density ppg defined
by 87Gyppe = 3QpeH? obeys py ~ ppeo- Depending on
the particular dark energy model, the quantity ppgj
contains integration constants reflecting initial conditions
of possible fields involved (e.g., ¢y, ¢, for a scalar field, or
po itself in a geometrical modification of gravity), dimen-
sionful or dimensionless couplings/parameters of the
theory, and probably other quantities (e.g., of astrophysical
nature). The previous coincidence relation between the
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energy densities provides an equation between all these
quantities which have to be appropriately adjusted. Usually,
in dark energy models the scale defined by A is exchanged
by another scale of the same order describing some new
physics. It looks like the coincidence problem is a question
of naturalness between integration constants and other
parameters, and analyzing naturalness is not an issue easily
quantified.

A proposal as a solution of the coincidence problem will
consist of one more dark energy model, which may be more
or less natural, may introduce new physics or not, may
introduce new scales or not, but its verification will come
not out of concept but out of experimental evidence of
the particular model. And finally, when the origin of dark
energy has been apprehended, it will become obvious what
the independent scales and initial conditions created by
nature are. Even a model which contains new scales, that at
present are unrelated from the rest of physics, may be very
close to reality. This is why analyzing a dark energy model,
the values of Q,,, Qpgg, as well as the rest of the
parameters/initial conditions, are in general extracted after
fittings to the observational data and there is no special
concern about a deeper understanding which would mean
to express these values in terms of other more fundamental
ones. Of course, if such an explanation for the recent
emergence of dark energy through the coincidence relation
p ~ ppe can be provided in terms of quantities that already
play a role in nature and/or other quantities theoretically
predicted in the context of a theory, this would possess
extra naturalness and might render the particular dark
energy model promising (this is the case for one of the
models to be presented in the present work). Another idea
that alleviates the coincidence problem comes through the
realization of the current state of the Universe close to a
global fixed point (saddle or preferably attractor) of the
cosmic evolution, since then, the coincidence problem
becomes an issue of only the parameters of the model and
not also of the initial conditions [24]. In order for this to be
possible with the present acceleration and a scaling behavior
between ,,, Qpg, the violation of the standard energy-
momentum conservation of the matter is necessary [25].

The proposal introduced in the present paper is that the
dark energy observed recently in the Universe may be the
result of local gravity effects occurring in the interior of
astrophysical objects, such as massive structures (galaxies,
clusters) or even black holes, and these effects will directly
determine the cosmic evolution. These local effects can
arise from an arbitrary gravitational theory (alternative/
modified gravity, extradimensional gravity, quantum grav-
ity, etc.). The main point is that the specific gravitational
theory is not applied directly to cosmology in the conven-
tional way, with the matter described as a usual perfect
fluid, in order to obtain time-dependent differential equa-
tions for the geometry (e.g., scale factor) and the other
ingredients; the reason for this is that it is not clear how the

cosmic effective energy-momentum tensor can be quanti-
fied taking into account the extra contributions of local
origin. So, even if the theory is managed to be applied
directly to cosmology, the result will in general be different
that the one arising from the process described here
because, depending on the scales of the theory, the dark
energy can be suppressed in one of the two derived
cosmologies and be considerable in the other. Thus, if a
gravity effect becomes substantial only at an intermediate
infrared scale (astrophysical one), it cannot be revealed at
the far infrared cosmological scale. In addition, integration
constants emanating from possible integrations (due to
extra fields or geometrical effects) in the local metric will
be of quite different nature than the cosmological ones;
these constants might be specified or at least estimated from
quantities characterizing the astrophysical object itself or
from regularity arguments at the center of the structure,
contrary to the specification of the integration constants of a
cosmological quantity which needs a quite different treat-
ment. Applying the gravitational theory first inside the
structure means to find the gravitational and the other
possible fields in the interior of the object. Because the
astrophysical structures are not point-like but they are
extended (the galaxies have a luminous profile which is
surrounded by the dark matter halo and the clusters contain
a distribution of galaxies and dark matter) or may be
described by a collapsing phase, this task can be compli-
cated. However, depending on the ansatz for the local and
the cosmological metrics and how these are interrelated, it
may be enough to find the static spherically symmetric
solution of the theory (as happens in the Swiss cheese
model described previously), or other more complete
solutions may be needed to describe an inhomogeneous
universe with more realistic structures. In the present work
the Swiss cheese model will be adopted as the simplest but
not necessarily the most realistic construction, and there-
fore, the ensuing cosmologies will arise through the
matching of the interior metric with the exterior FRW
metric on the Schucking surface. It is obvious that such a
local gravity effect should not contradict with observations
at the relevant astrophysical scale.

In the context where the dark energy owes its origin to
the presence of structure, either due to the reasons elab-
orated here or due to averaging process (as e.g., in [19-21]),
since the various structures are formed during the cosmic
evolution recently at small redshifts, dark energy also
appears recently not as a coincidence but as an emerging
effect of the structure. With this in mind, that the coinci-
dence problem can be a guiding line for studying cosmol-
ogy, it becomes tempting to see what are the new scales and
integration constants introduced by some gravitational
theory in the above context, so that the corresponding
cosmology confronts (if possible) with the acceleration and
other data, and especially with the relation p ~ ppg. In the
following sections, we will implement the previous ideas
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to derive a few dark energy models, where in the last
subsection our most promising model will appear.

V. BLACK HOLES WITH COSMOLOGICAL
CONSTANT

When a constant cosmological term is added to the
Schwarzschild metric, the well-known Schwarzschild—de
Sitter metric arises

2GyM 1 dR?
ds2——<1— N -—AR2)dT2+ —
R 3 1 — == — LAR?

(5.1)

It is apparent that it is J(R) = 1. Equation (2.21) provides
through (2.11) the cosmic evolution of the scale factor

+ R%(d6? + sin®*0d¢?).

C.lz K 2GNM A
4+ —=——F+—. 52
a? * a? r%a3 3 (52)
Furthermore, Eq. (2.23) gives
i GyM A
I _ -, 53
a rsa® 3 (53)

which indicates the well-known late-times accelerated
expansion when the two terms on the rhs of (5.2) become
comparable. Using the Swiss cheese condition (3.4),
Eqgs. (5.2) and (5.3) are also written as

k  81Gy A
5= = 5.4
2- 3 773 54)

a 47TGN A

- = 55
p 3 P13 (5.5)

H* +

Since Qo is close to 0.30 according to the most recent
constraints [26], Eq. (3.8) gives for a galaxy with M =
10'" M, that ry = 0.83 Mpc and for a cluster with M =
10'5 M, that ry = 18 Mpc.

Equations (5.4) and (5.5) are the standard cosmological
equations of ACDM model. In this model, the cosmologi-
cal constant A is considered as a universal constant related
to the vacuum energy. However, in the context of the
present work, A arises from the interior black hole solution
(5.1) and has a quite different origin and meaning. This A is
of astrophysical origin and is the total cosmological
constant coming from the sum of all antigravity sources
inside the Schucking radius of the galaxy or cluster. It is
expected that, through some concrete quantum gravity
theory, matter is related to the generation of an explicit
or effective cosmological constant. For example, in the
centers of astrophysical black holes, the avoidance of
singularity could be achieved due to the presence of
a repulsive pressure of quantum origin balancing the

attraction of gravity. Another important difference with
this A is that since, according to our proposal, the
antigravity sources are connected to either massive struc-
tures (galaxies, clusters) or astrophysical black holes;
therefore, before the appearance of all these objects, the
total A is zero. As a result, this A becomes a function of
cosmic time, suppressed at larger redshifts where the
antigravity effect is weaker. A constant A is expected to
be only an approximation at late times.

The metric (5.1) contains the Newtonian term QGgM and
the cosmological constant term %ARQ. For distances R
close to the border with coordinate distance R;,, the matter
can be considered as being gathered at the origin, as
mentioned above. We will give an estimate of the corre-
sponding values of the potential and the force due to the
cosmological constant. In the weak field limit the force

M while the

cosmological constant force is %AR and is repulsive. The
ratio of the magnitudes of the cosmological constant force
to the Newtonian force is 25—"" (£)?; therefore, the signifi-

0 z

cance of the cosmological constant increases with distance.
At the border of a typical galaxy with mass 10'! M and
radius 0.15 Mpc the Newtonian term has a value approx-
imately 6 x 1078, while the cosmological constant term is
almost 9 x 10710, which is therefore 2 orders of magnitude
smaller than the former term. Of course, the two potentials
at the Schucking radius are of the same order since dark
matter and dark energy today are of the same order.
Similarly, the repulsive force at the border is also almost
2 orders of magnitude smaller that the Newtonian force.
Therefore, the A term is ignorable at the galaxy level and
the galaxy dynamics is not disturbed by this antigravity
effect.

For the clusters there is a larger variability of the range of
their radii and the corresponding masses. At the Schucking
radius still the two potentials are of the same order. For a
mass 10'5 M and radius 0.5 Mpc the Newtonian term is
2 x 107" at the border, while the cosmological constant
term is 1078, As a result, the repulsive force is 4 orders of
magnitude smaller that the attractive force. For a radius of
5 Mpc, the A force is still smaller than the Newtonian force,
but just 1 order of magnitude. For a mass 10'* M and
radius 5 Mpc, the two forces become equal in magnitude. If
the cosmological constant is indeed generated at the cluster
scales, then this constant should be present in all clusters.
Therefore, more investigation is needed at particular
clusters that could show off some abnormal dynamics
and if this can be explained through a constant A.

The previous discussion shows that A could be generated
inside astrophysical objects, either without affecting their
dynamics or signaling some observable deviations in this
dynamics, and at the same time to create the standard
ACDM cosmology. Of course, this constant A does not
offer any alleviation to the coincidence puzzle.

corresponding to the Newtonian term is —
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VI. BLACK HOLES WITH VARYING
COSMOLOGICAL CONSTANT OF
QUANTUM ORIGIN

The Schwarzschild—de Sitter metric can be progressed to
a quantum improved Schwarzschild—de Sitter metric
describing the astrophysical object. This metric has the
form

2G,M 1 dR?
2 _ k 2 2
ds ——<1— R —gAkR )dT +1_2GkM_lAR2
R 3%
+R2(d¢92 + sin2«9d402), (6.1)

where the quantities G, A; are functions of a characteristic
energy scale k and F(R) = 1 — 2% _ 1 A R?. The func-
tional behavior of G, A is determined by the underlying
quantum theory of gravity. This energy scale k is related to
the distance from the center of the object and the exact
dependence arises from the particular quantum corrections.
Therefore, G;, A, are also related to the distance. In the
Swiss cheese analysis, however, only the front value Rg of
the distance at the matching surface influences the cosmic
evolution, thus only the corresponding energy value kg will
be relevant. As mentioned before, in a real galaxy or cluster
the total mass consists of either stars, dark matter, or black
holes (classical or quantum modified) that we collectively
denote M. Although the various objects are distributed
throughout, in our approach it is sufficient to consider that
these materials are gathered together at the center of
spherical symmetry.

As is known, the Israel matching conditions are only
applicable in Einstein gravity with some regular energy-
momentum tensor. In an alternative/modified gravity, either
containing extra fields or not, the corresponding matching
conditions are in general modified. One might wonder if the
Israel conditions are still applicable in our case, with a
metric of the form (6.1). The answer is positive and we will
explain this in the following. A quantum originated spheri-
cally symmetric metric, as the one described above, does
not in general arise as a solution of some classical field
equations for the metric, but is obtained by considering
some quantum corrections beyond the classical Einstein
term. For example, in AS gravity, the solution of the
renormalization group (RG) flow equations gives Gy, A;.
Therefore, a metric, such as (6.1), is quite reasonable and
necessary for our Swiss cheese approach to be interpreted
as a solution of a coupled gravity-matter system satisfying
Einstein equations G,, = SchNT,gyOt). This T,(fft) =T, +

ff . .
Tf,i ) contains, apart from a possible real matter energy-
momentum tensor 7', (which for us is zero since the mass

is just an integration constant), an effective energy-momen-
tum tensor Tff;tf) of gravitational origin which takes into
account the quantum corrections (for an interpretation of

(eff)

sucha 7}, in terms of fluid variables see [27]). Since (6.1)

expresses the quantum corrections of the classical

Schwarzschild metric, the tensor T,(,iff) appears as the

correction beyond the Einstein equations of motion and

not beyond some other modified classical equations of

motion. To find this 7 f,iff), we need to compute the Einstein

tensor G,, of the metric (6.1). This could lead to a
nontrivial situation, where the Israel matching conditions
are satisfied or not, depending on the form of this effective
energy-momentum tensor. However, for the whole analysis
of the present paper, just the Israel conditions arise. Indeed,
the Einstein tensor G which is constructed from the metric
(6.1) has the following nonvanishing components:

1
G} =G = 5 (RF' + F— 1),

1
GY = Gl = — (RF" +2F'). (6.2)
2R
Since the Schwarzschild metric with Fgy, =1 — ZGIQ’ M

satisfies the vacuum FEinstein equations, we get

1 1
Gf = Gf = 3 (RQ' + Q). Gj = G = - (RQ" +2Q)).

(6.3)

where the quantity
(6.4)

is definedby Q= F — (1 — mTﬁvM); i.e., it is the deviation of
the metric component F from 1 — ZGIQ’M . The quantity Q
will be seen that is well defined, depending on the
assumptions of the quantum theory. Therefore, in the
interior regime with the metric (6.1), the Einstein equations
G = 87zGNT’,f(Cff) acquire a well-defined 7" Which is
given by the right-hand sides of (6.3) and parametrized by
the quantity Q,

R(eff)

TT(eff) — T — R / ,
T R 872Gy R? (RQ'+Q)
0(eff) @(eff) /" /
T =T =—(R 209). .
J =T e (RO 42Q).(6)

Moreover, equating the right-hand sides of the expressions
(6.2), (6.3), we find the ordinary differential equations of F,

RFF+F—-1=RQ + Q, RF" 4+ 2F =RQ" +2Q'.

(6.6)
Differentiating the first equation of (6.6), we get the second

equation. We are not particularly interested in the precise
function F(R) since for cosmology the most important is
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only the value of F at the Schucking radius. We discern
now the following cases.

If G, Ay are functions of R in an explicit algebraic form
(as happens in the subsection VIIB 1), then the metric

component F, the quantity Q of (6.4) and T of (6.5)
become also such functions of R. The second (as well as the
first) derivatives of the metric component F in the Einstein
equations (6.6) are contained only on their left-hand sides,

which come from G, while the Q terms on the right-hand

) ) fi -
sides, which come from 7" act as a sort of given

potentials that modify F(R) from the Schwarzschild metric.
Although, this picture is rather trivial due to that the
evaluation is performed on-shell, on the explicit metric
component F(R); however, it is still meaningful since the
function F(R) still satisfies the differential equations (6.6).
As is well known, the matching conditions are extracted

from the Einstein equations G, = SHGNTQ’(eff) focusing
only to the second derivatives of the metric components.
Since these derivatives are only inside the Einstein tensor

GY and not inside T’,f<eff) , the Israel matching conditions
naturally arise in this case.

In the subsections VII A and VIIB 2, we will discuss
another situation, which is nontrivial in the sense that F is
not a known function of R. At the same time, this situation
is actually more promising in its cosmological results and
also more favorable theoretically. Here, A is not an explicit
function of R, but it contains an integral of F(R). Since
F(R) is not known, but is the metric component to be found
by solving (6.6), this integral cannot be performed. This
means that the quantity Q contains an independent geo-
metrical field D(R) with its own equation of motion. The
important point is that this equation of motion is only of
first order; i.e., it contains D’ and not D”, and therefore,
there is no discontinuity of D’ at the matching surface. As a

result, T’,f(eff) in (6.5) becomes a function of R, D, F, F’,

while no F” is present in 74" Therefore, again F” is only

contained in the tensor G, of the Einstein equations G} =

82Gy T, ) and the Israel conditions remain intact. We will
provide more precise explanations about this issue at
the appropriate point later. The metric component F(R)
can be found by solving for F, D the coupled system of
the first equation in (6.6), i.e., equation RF/ + F — 1 =
RQ'(R,D,F) + Q(R,D), together with the first-order
differential equation for D.

Finally, if we assume, merely as a mathematical exten-
sion of the above, the more complicated situation where G,
A contain double integrations of F, F’, this implies that the
equation of motion of the D field is of second order. Then, a
discontinuity of D’ could be present at the matching surface
and the Israel matching conditions might be modified. We
only mention such a possibility, without regarding it in our
analysis, to show how the Israel conditions could be
violated in extreme and artificial situations, where no clear
physical motivation justifies such constructions.

To summarize, we have proved that the Israel matching
conditions are still applicable for the metric (6.1) in the
context of our analysis. Therefore, in the Swiss cheese
approach, Eqgs. (2.21) and (2.23) can be used to derive the
cosmological evolution.

If G, has the constant observed value Gy and the
underlying theory provides only ultraviolet (UV) correc-
tions to A, it is not possible to get cosmic acceleration since
A is suppressed at large distances and A(Rg) almost
vanishes. Therefore, infrared corrections of A are neces-
sary. For example, a well-known phenomenological
description of a quantum corrected nonsingular black hole
is provided by the Hayward metric [15] where

2GyMR?
R +2GyML?

2GyM
=N —2GNM(

F(R)=1

1 1 ,,
=1 YN YT S
R3+2GyML?> R

(6.7)

The length scale L controls the ultraviolet correction close
to the origin and smoothes out the singularity. In this
metric the effective cosmological constant becomes a
function of R, namely A(R) = 6GNM(WNML2_%)'
At distances where the Newtonian potential is very weak
and R Z L, it arises that the potential of this cosmological
“constant” is negligible compared to the Newtonian
potential and its corresponding weak-field force (which
is repulsive) is well suppressed compared to the Newtonian
force. Equation (2.23) for the acceleration gives

4GNML2 — r%a3
(2GyML? + r3a*)*’

i

This metric does not provide a recent cosmic acceleration
since at late times deceleration emerges. Similarly, the
solution presented in [14] fails for the same reason.

VII. THE CASE OF ASYMPTOTICALLY
SAFE GRAVITY

A concrete realization of the functions Gy, Aj is
provided by the asymptotically safe scenario of quantum
gravity. In Appendix A, we present a few basic elements of
the theory and of its application in cosmology. According
to the AS program, both Newton’s constant G, and
cosmological constant A, are energy dependent, G, =
G(k) = gik=2, Ay = A(k) = Ak, where k is an energy
measure of the system and gy, 4, are the dimensionless
running couplings governed by some RG flow equations.
The exact RG flow of the couplings from the Planck regime
down to the present epoch is not yet known. So, it is not
clear what is the real trajectory in the space gy, 4, followed
by the Universe and how the classical general relativity
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regime with a constant Gy and negligible A can be
obtained. However, even if it was possible to predict the
flow of the decrease of A, all the way down to the current
cold cosmic energy scale and a very small value of A could
be realized, the coincidence problem, having to do with the
precise order of magnitude of A, would still be manifest
and profound. Furthermore, in the picture with a constant G
and a Aj; monotonically decreasing with time, a recent
passage from a deceleration to an acceleration phase would
not be possible. The far infrared limit of g,, 4, certainly
covers the late-times cosmological scales. However, even if
a late-times behavior with an increasing G does exists, it
will describe the future and not the present Universe which
possesses rather an antiscreening instead of a screening
behavior. Additionally, there is the possibility that the far
infrared corrections of the cosmological constant at cosmic
scales are too small to affect the present Universe evolution
and drive into acceleration.

Anyway, the cosmic scale corrections of G, A are not of
interest in our approach. Our interest is focused on the
intermediate infrared corrections occurring at the astro-
physical structures scales. The hope is that these inter-
mediate scale quantum corrections will be significant
enough to have direct influence on the current cosmology
and on the observed dark energy component, but at the
same time they will not conflict in an obvious way with the
local dynamics. Indeed, we will show until the end of
the paper that the recent cosmic acceleration can be the
result of such quantum corrections of the cosmological
constant at the galactic or cluster of galaxies scale.

As before, the Universe will be described by the Swiss
cheese model and the matching will take place on the
surface between a cosmological metric and a quantum
modified spherically symmetric metric. Several interesting
approaches of RG improved black hole metrics appear in
literature. In our analysis, we will work with the quantum
improved Schwarzschild—de Sitter metric (6.1), as e.g.,
presented in [28]. Of course, the precise form of the metric
will arise from the forms adopted for Gy, A, as these are
predicted or motivated by AS. A different treatment would
be to substitute the functions Gy, A inside some consistent
quantum corrected gravitational equations of motion or
inside some consistent action, and derive first the quantum
corrected spherically symmetric solution. As mentioned,
here we will follow for simplicity the method of obtaining a
quantum corrected metric by starting from a classical
solution and promoting Gy, A to energy-dependent quan-
tities according to the AS program.

In order to proceed further, the energy measure k has to
be connected with a length scale L, i.e., k = £/L, where £ is
a dimensionless parameter which is expected to be of order
one. As we approach the center of spherical symmetry, the
mean energy increases and k is a measure of the energy
scale that is encoded in renormalization group approaches
to quantum gravity. A simple option is to set as L the

coordinate distance R of the spherically symmetric metric.
Then, the value of the cosmological constant Aj, which
provides a value for the local vacuum energy density,
depends explicitly on the distance from the center, A; =
A(R). The same is true for G, = G(R), and so, the metric
component F of the metric (6.1) becomes an explicit
function of R, F = F(R). Let us remind that the function
F(R) is precise when the mass M is located at the origin. In
our approach, where we want to describe real astrophysical
objects with a mass profile, F(R) in the interior should be
treated with caution.

A more natural option is to set as L the proper distance
D > 0 [29]. This case is more involved physically and
technically. Following a radial curve defined by dT =
df = dop = 0 to reach a point with coordinate R, we have

R dR
D(R):Al SO

This is a formal expression until one realizes what is its
meaning and the meaning of R;. Now, the function F is
not an explicit function of R since D is also contained
in F by construction, so F(R) in (7.1) basically means
F(R,D(R)). So, (7.1) is not a simple integral but it is an
integral equation which can be converted to the more useful
differential equation

(7.1)

(7.2)

This is a well-defined, but complicated, differential equa-
tion for D since F contains again D(R) (or in different
words, F is given by (6.6)). Integration of Eq. (7.2) will
provide an integration constant o, so the solution of (7.2) is
D(R; o). Plugging this D in F will provide F(R; o). For a
specific o, a value R, (c) should exist that makes Eq. (7.1)
meaningful for R > R;. The positiveness of D may also
provide some restrictions on R. Even if a minimum horizon
distance Ry exists where F(Ry;0) =0, R; does not
necessarily coincide with Ry, since after D(R; o) has been
found, it is possible that the arising function 1/+/F(R; o) is
nonintegrable around Ry. So, the variable D(R) is a proper
distance, but not in the conventional sense of an integration
in a prefixed background. It can rather be considered as a
new dynamical field of geometrical nature with its own
equation of motion (7.2), where the spacetime metric is
determined through D(R; ¢). The role of the function D(R)
will be crucial in our analysis. The integration constant ¢
could be determined by some assumption, for example if
Ry exists, it could be set Dy = 0 or Dy = Ry. In our case
of Swiss cheese models, o will be determined from the
demand of having the correct amount of dark energy today.
However, the interesting thing, especially in relation to the
coincidence problem, is that the corresponding D(R) will
have throughout natural values of the order of the length of
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the astrophysical object, while at the same time it will
provide the correct estimate of dark energy.

Let us now complete the discussion started in Sec. VI
about the validity of the Israel matching conditions when
the choice (7.1) is made. The cosmological constant
becomes a function of D; i.e., it is Ay = A(D). If G, =
Gy (as we will assume in our analysis), the quantity Q in
(6.4) becomes Q = —1 AR, so it is a function of R, D,

e., @ = Q(R,D). Making use of (7.2), we can easily

compute Q' = ~3AR + 525 = Q(R.D.F), Q' =
2 p2 2
Ak+6D3F3/2 (8DF — 4R\/F — RDF") % 351)—14310% _

Q"(R,D, F,F'). It is now clear, as also mentloned above,
that the right-hand sides of the Einstein equations (6.6), i.e.,

the components of T% (Cff), are only functions of R, D, F, F'
and not of F”. Since F” is only contained in G4 on the left-
hand sides of (6.6), and the evolution of D is governed by
the first-order differential equation (7.2), the Israel match-
ing conditions arise.

In our Swiss cheese approach of cosmology, the match-
ing between the interior and the exterior metric occurs at
the Schucking radius which only enters the cosmological
evolution. The front value kg at the Schucking radius is
inversely proportional to a characteristic length of the
metric. For the choice L = R, we get

¢

k¢ =—. 7.3
=1 (73)
For L = D, it is
¢
kg = — 7.4
=g (74)
where
Rs  dR
DS:/ ' (7.5)
R F(R)

is the proper distance of the Schucking radius. Therefore,
the front values A(Ry), G(Ry) at the Schucking radius are
the ones where the matching occurs and determine the
cosmological evolution from (2.21), (2.11) as

a? ok 2G(RS) 1
— 4+ - =——+ - A(Ry).
a2+ 2 r%a3 3 (Rs)

(7.6)

We finish with a comment which doesn’t have a special
significance. The dependence of A, G on the distance inside
the object does not seem to affect our cosmology. However,
there is an indirect influence which affects the parameters.
Indeed, the total cosmic energy of the cosmological portion
that is excised from the Swiss cheese should be equal to
the energy provided by the various masses inside the
astrophysical object plus the vacuum energy due to the

cosmological constant. Since the vacuum energy of a
cosmological constant is ﬁ we have approximately the
equation

4x Rg A(R)
—Rip, =M 47R%dR,
3 5P =M /0 87G(R)

(7.7)

where p = p + ppe 1s the total cosmic energy density
(dark matter plus dark energy) [30]. Equation (7.7) evalu-
ated at today’s values, according to (2.11), sets a restriction
between the various parameters. Unfortunately, however,
we cannot make use of this equation since we do not know
the precise functions A(k), G(k) from the UV with k = oo
up to kg~ Rg'. The difficulty is rather basically due to
A(k) since G(k) rapidly evolves to its constant value Gy.
So, we will have one more parameter left free in our
analysis.

A. First RG flow behavior: Close to the
Gaussian fixed point

There is a fixed point of the RG flow equations, the
Gaussian fixed point (GFP) [31], which is saddle and is
located at g = 4 = 0. A appropriate class of trajectories in
the Einstein-Hilbert truncation of the RG flow can be
linearized about the GFP, where the dimensionless cou-
plings are pretty small. These trajectories possess interest-
ing qualitative properties such as a long classical regime
(long In £ “time” due to the vanishing of beta functions) and
a small positive cosmological constant in the infrared,
features that seem relevant to the description of gravita-
tional phenomena in the real Universe. The analysis is
fairly clear and in the vicinity of the GFP it arises that A has
a running k* and G has an approximately constant value
which is interpreted as Gy. Therefore,

Gk GN’ Ak =a+ ﬂk4, (78)
where a, § are positive constants. Moreover it is f = vGy,
where v = O(1). In terms of the dimensionless couplings it
is A = ak™? + pk?, g, = Gyk*. These equations are valid
if 4 <1, g, < 1. While the above segment which lies
inside the linear regime of the GFP can be continued with
the flow equation into the UV fixed point, this approxi-
mation breaks down in the IR where A; approaches the
value 1/2. Therefore, as our first choice, we will assume
that within a certain range of k-values encountered in an
astrophysical object, the RG trajectory is approximated
by (7.8).

For the choice (7.4), Eq. (7.6) provides the cosmic
evolution of the scale factor a as

2 26 M pet
% e, e (7.9)

+ r;a3 g 3D‘S1 ’

QM| Qe

The choice (7.3) is not interesting, since the last term in
Eq. (7.9) would be a radiation term ¢, and (7.9) would
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lead to ACDM model with a radiation term. From (7.5), it
can be easily found that the time evolution of Dy is given
by the equation

reald

1 _ 2GNM _ gr2a2 _ ﬁ§4r§a2
rea 3'% 3D“Sl

Equations (7.9) and (7.10) form a system of two coupled
differential equations for a, Dg. We can bring this system in
a more standard form defining

DS:

(7.10)

a pE
=42 7.11
r=3+ 301 (7.11)
and then
a’> k  2GyM

a K _N 7.12
a? + a? rsa’® T ( )

4 3irsaH(y —9)
7 rsafl(y —3) (7.13)

= — ] 5 .
g1 20— ey

Note, from (7.11), that y —% > 0. From (7.12), it is seen
that the quantity y plays the role of dark energy. Namely,
it is

K o SJZ'GN

H> +=
+a2 3

(p + poE)- (7.14)

where p is given by (3.4) and ppg = % 7
Note in passing that Eq. (7.9), combined with Eq. (7.14),
gives

4 A(Rs)R}

?Riptot =M+ 6Gy

(7.15)
Comparing this equation with (7.7), it arises that the total
energy due to the cosmological constant is given by two
expressions, first by the integral in (7.7) and second by the
last term in (7.15). There is no contradiction with that, since
the equality of these two expressions at the current values
simply provides the additional constraint on the parameters
mentioned above.

The density parameters are defined in the standard way:

o 8JTGN,0

_ _ 8a2GyppE
" 3H? '

) DE — 3H2

(7.16)

From the first of Eq. (7.16), using the current values of the
variables, a relation between the parameters M and ry can
be found

1
re = (%) (7.17)
manH 0
For the typical masses we use, it was found above that
rs = 0.83 Mpc for a galaxy, and ry = 18 Mpc for a cluster
of galaxies.

It is more convenient to work with the redshift
z= % — 1, where the current value a, of the scale factor
can be set to unity. From (7.13), (7.17), the evolution of
x(z) is found from

5

dr 4-3(r %)
(12 [ = Quoty(1+2)

(7.18)

After having solved (7.18), the evolution of the Hubble
parameter as a function of z is given by the expression

K2(1 +2)%

H? = Q, H3(1 + z)? tx-— (7.19)
0

Using (7.14), (7.17), the quantity €2,, can also be found as a
function of the redshift

1 X K 1 ]!

Q,=|1 -
" +Qm0H%(1+z)3 a3, 0H31+z

(7.20)

For the numerical investigation of the system, we will
need the current value y, of y. From (7.12) or (7.19), we
find

Xo = QDE,OH(z)' (7.21)
The differential equation (7.18) contains the parameters
&, =vGy,rs,a. The parameters £ and v are of order
unity. The parameter ry was found from (7.17). Finally, the
parameter « is free in order to try to achieve the correct
phenomenology. With these parameters and y, given in
(7.21), we can solve numerically (7.18) and find y(z). Then
we can plot Q,,(z) from (7.20).

From (7.12), (7.13) one can obtain a Raychaudhuri type
of equation. Differentiating (7.12), and using (7.13) and
(7.12) itself, we get

a 1
P —EQmoH(Z)(l +2)°

(7.22)

The same equation also arises from (2.23). The deceleration
parameter is given by g = —H ™2 % From (7.22), for k = 0,
and using (7.21), the condition for acceleration today,
dly > 0, is written as
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1 4.\/§(1_Qm(] 3H2)% 1
EVr  (1-3Q,0)* Hy/Gy

which is approximated by
2 2 3
0<1=Qp—mrs < (‘f ﬁ>5<1——
3H; \4V3 2

It is found from (7.24) that 1 —Q,,¢ — 3% 5 10722, from

where it is obvious that & > 0. For such Values of a, the
conditions 1; < 1, g; < 1 are seen from (7.11), (7.24) that
are easily satisfied. Of course, such values form an extreme
fine tuning for a since a has to be extremely close to the
value 3(1 —Q,,0)H3, which is also the value of the
cosmological constant. Additionally, for such values of

1, 7.23
rZaOH2 + ( )

Qmo)‘; <H0 \/G_N)

2 2172
ryagHj

(7.24)

it can be seen that Q,, |, < 0, which assures a local increase
of Q,, in the past. There is also the option that 1 —Q,,, —ﬁ
is of order unity, and then from (7.24), it turns out that
v > 10'%; however, such values are not predicted by the
quantum theory.

Finally, since the pressure of the matter component
vanishes, p = 0, Eq. (7.22) can be brought into the form

. K
2H +3H? + ? = —871'GN([? + PpE), (725)
where the dark energy pressure is given by
— 872Gy ppE
4-3i(y - 9)i
=¥ - 32 z
(1 +2), [ = Quoy(1 +2) — 5
(7.26)

A significant parameter for the study of the late-times
cosmology is the equation-of-state parameter for the
effective dark energy sector wpg = %, which is found

from (7.26) to be

4.37(y -9}
mOH (1 +Z)

WDE = 1

+z;(\/

(l+z)

(7.27)

Therefore, wpg cannot take phantom values smaller
than —1. Its current value becomes for xk = 0

4.3 ( a ) <r2a0H0>
wppo~—1 4+ (1_Q,,—
e A (1-Q,0) °73H3) \Ho /Gy
(7.28)

and, according to (7.24), it can take any value —1 <
Wpeo < —1 + (% —Q,0)(1 =Q,0)"! ~ —0.48.

Because of the above extreme fine-tuning in @, numerical
study of the equations is not possible and we need to
perform an analytical study in order to understand the
behavior of the system. This analysis is shown in the
Appendix B for x = 0. We summarize here the results of
this analysis. Concerning the evolution of the Hubble
parameter and the parameter Q,, the ACDM behavior
arises practically in all the regime of applicability of the
model all the way down to the present epoch, with an
exception in the very first steps of the AS evolution. As for
the deceleration parameter and the dark energy equation-of-
state parameter, there are intervals where these parameters
have a behavior different from that of ACDM. This
discrepancy between the behavior of the parameters
H(z), Q,(z) and the behavior of the parameters d(z),
wpg(z) is peculiar and is due to the presence of the higher
time derivatives contained in the acceleration, which can
lead to significant contribution from terms which are
negligible in H, Q,,. However, for the numerical values
of the various constants of astrophysical and cosmological
origin describing our model, the final result is that in all
physically interesting cases the acceleration properties of
the model cannot be practically discerned from the ACDM
scenario; therefore, our model is indistinguishable from
ACDM. There is a possibility, as always in cosmology, that
the perturbations of the model evolve in a distinct way from
ACDM; however, the previous analysis of the background,
with the particular values encountered, leaves little hope for
observational evidence of the deviations from ACDM.

B. Second RG flow behavior: Close to the infrared

There are encouraging indications that for k — O the
cosmological constant runs proportional to k2, so A, =
AREZ where AR > 0 is the infrared fixed point of the
A-evolution. At the same time, it seems that G, increases a
lot, for example g, could converge to an IR value g'R > 0
or even diverge. This postulated fixed point [32] can be
considered as the IR counterpart of the UV non-Gaussian
fixed point (NGFP) [33]. This nontrivial IR running can be
assumed that is due to quantum fluctuations with very small
momenta, corresponding to distances larger than the largest
localized structures in the Universe. Since we are interested
in generating the dark energy at astrophysical scales, the
exact realization of the above IR fixed point at cosmologi-
cal scales is not our purpose. There are works, not
concerning cosmology, which consider the possibility that
such a fixed point can act already at astrophysical scales
[34,35]. Our approach will be different. We will consider,
as it is pretty reasonable, that the above IR fixed point has
not yet been reached at the intermediate astrophysical
scales, and therefore, some deviations from the above
functions Gy, A, should be present inside the objects of
our interest.

123542-14



SOLUTION OF THE DARK ENERGY AND ITS ...

PHYS. REV. D 97, 123542 (2018)

Concerning the gravitational constant Gy, since at mod-
erate scales, well beyond the NGFP, G, is approximately
constant, we will assume that it has the constant value Gy
over a broad range of scales ranging from the submillimeter
up to the galaxy or cluster scale. Actually, we will not make
use of the submillimeter lower bound, so we can just restrict
ourselves above some observable macroscopic distances.
There is the possibility that at large astrophysical scales, G
acquires an IR correction beyond Gy ; however, we will not
be concerned about this in our introductory treatment here,
since we do not want to assume arbitrary functional forms.
Already the relatively successful explanation of the galactic
or cluster dynamics using the standard Newton’s law makes
our adoption G; = Gy legal enough.

We will be restricted on the single effect of the variability
of the cosmological constant A;. Since the functional form
of the deviation of A, from its IR form k? is not known, we
will assume that the running of A, is described by a power
law dependence on the energy, A, ~ k”. Of course, this is a
simple ad hoc parametrization, and the analysis will show
how far one can go with the single parameter b. However, if
A, differs slightly from its IR form k2, what is actually not
unexpected since astrophysical structures are already
“large” enough, then b will be close to the value 2 and
the power-law dependence k” will be a very good approxi-
mation of the running behavior. Moreover, moving with the
deformed law k” from the IR cosmological law k*> down to
the astrophysical scales, it seems more probable for b to be
slightly larger than 2, instead of smaller than 2. This is due
to that since k increases at smaller length scales, the
parameter b should also increase in order to have a significant
astrophysical A;; otherwise, k” would be neutralized and A,
would be suppressed.

We summarize by writing our ansatz,

Gk == GN, Ak == }/kb, (729)
where y > 0, b are constants. The parameter y has dimen-
sions mass to the power 2 — b and will be parametrized as

Yy = 7ng\/_1 with 7 dimensionless. If an order O(1) value for
y arises, this will mean that no new mass scale is needed (no
new physics is needed for the explanation of dark energy
other than AS gravity and the knowledge of structure) and
the coincidence problem might be resolved from already
controllable physics without fine-tuning or new scales.
Indeed, it will be shown that in the most faithful case,
discussed in the last subsection VII B 2, it turns out that b is
a little higher than 2 and 7 = O(1), which means that our
model with the dark energy originated from IR quantum
corrections of the cosmological constant at the astrophysi-
cal level can be pretty successful. With the assumption

(7.29), the metric (6.1) contains the Newtonian term %

and the nontrivial cosmological constant term { A, R* which
&y (B)h(@)b—z
= .

becomes =51

For L = R we will see that current acceleration requires
that b < 1.57 (actually b should be smaller than 1 in order
to have a reasonable wpg today); therefore, we cannot be in
the most interesting IR range of b a little larger than 2 and
the law k” loses its theoretical significance. Then, it will
arise that 7 has to be various decades of orders of magnitude
smaller than unity in order to arrange the amount of dark
energy, which means that new scales are introduced
through 7. All this situation, which will be examined in
the next subsection VII B 1, although not an obvious fail,
certainly it cannot be considered as a big success in relation
to the coincidence problem. If such values are acceptable,
then the internal dynamics presents some measurable
deviations from the standard Newtonian dynamics which
need more investigation to check their consistency with
observations. As for the force corresponding to the new

: i io 7E02-D) (VGyyb-1
cosmological constant term, this is W(TN) , and

therefore it is repulsive. The ratio of the new cosmological
constant term to the Newtonian term turns out to be

%D—EO“ (X)*~", while the corresponding ratio of the forces
gets an extra factor b — 2. Thus, for large clusters these
ratios at the border are larger than 0.1 for any b and the
ratios can reach up to 0.35 for the largest . For small
clusters the ratios are suppressed to less than one per cent.
Finally, for galaxies the ratios are almost 0.2 for the largest
b and decrease considerable for smaller b. Certainly, inside
the structures, the matter profiles have to be taken into
account to obtain accurate results.

What it will turn out to be the most exciting caseis L = D,
which will be examined in the last subsection VII B 2. In this
case, the dark energy, along with its acceleration, will be
explained with b a little larger than 2 and ¥ some number of
order unity. More precisely, the quantity D at the Schucking
radius today, D (, which can be considered as the integration
constant of the differential equation for D(R), has to be
arranged to provide the correct amount of dark energy. This
implies that Dy is of order of ry, and more generally it will
be shown numerically that the whole function D(R) turns out
to be of order of r. This is an extra naturalness for our model,
since D, which has some meaning of proper distance, is of
the length of the astrophysical object, and Dy does not
introduce a new scale. Therefore, the new cosmological

AR = [ (S (5) R,
where we can set D ~ ry in order to make an estimate. Of
course, the deviations of the new cosmological constant term
from the R? law and the precise functional form of D(R) are
very important and will provide a cosmology distinctive from

ACDM. However, we already observe that the quantity

GLN (%}” has dimensions of cosmological constant, and for
b close to 2.1 it is very close to the order of magnitude of
the standard cosmological constant A = 4.7 x 1073 GeV?
of ACDM. The factor (%)? offers a small distance-dependent

deformation of the constant, which however, as mentioned,

constant term becomes
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is important for the derived cosmology. Therefore, our model
will provide a natural deformation of the ACDM model,
without introducing arbitrary scales or fine-tuning. Similarly,
the constant prefactor 7 can contribute to 1 order of
magnitude. As a result, beyond the general idea, motivated
by the coincidence problem, of generating the dark energy
from local antigravity sources, the most important thing to
emerge from the present work is the introduction of the
quantity

! <@> g (7.30)

Gy \ rs
which arises in the context of infrared AS gravity and
plays a role similar to the standard cosmological constant
A. This quantity, with b a little larger (for galaxies) or a
little smaller (for clusters) than 2.1, has the quite
interesting property that it has the same order of magni-
tude as the standard A. For example, for galaxies with
b = 2.13 the quantity (7.30) is 2.1 x 1078 GeV?, while
for clusters with b = 2.08 it becomes 2.6 x 1078+ GeV?.
It remains to AS gravity to confirm or not if such values
of b are predicted at the astrophysical scales. Therefore,
in some loose rephrasing, it can be said that the standard
cosmological constant is not any longer an arbitrary
independent quantity, as in ACDM, but it is constructed
out of Gy, rs, b.

As a direct consequence of the above discussion for
L = D, the new cosmological constant term itself, %AkRz,

becomes at the matching surface R = ry of the order of
(52)

rs
M = 10'"" M, this term is 4 x 1078, while the Newtonian
term is 1078, For clusters with b =2.08 and mass
M = 10" M, this term is 2x 107>, while the
Newtonian term is 5 x 107%. Therefore, the two gravita-
tional potentials are comparabe at the Schucking radius. We
can see that approximately a change in b less than five per
cent from the above values, gives a change in this
cosmological constant term less than 1 order of magnitude.
This shows clearly a sensitivity on the value of b, which
however cannot be considered as fine-tuning or at least
extreme fine-tuning. Additionally, the fact that b acquires
smaller values at cluster scales relatively to galaxy scales is
consistent with the IR value b = 2 at cosmological scales or
beyond. At an extreme limit of the solar scale, a even larger
value of b is expected. For a solar distance R = 1 A.U. the
quantity /Gy/R takes the value 107*°, while the
Newtonian potential of the sun at this distance is 1078,
Already for b = 2.25 the quantity (@)b‘z, which gives an
estimation of the new term, becomes 3 orders of magnitude
smaller than the Newtonian potential and this discrepancy
becomes huge for larger b. Therefore, it is reasonable to
assume that the stringent solar-system, as well as the
laboratory tests of gravity, remain unaffected by the new

b=2_ For galaxies with b =2.13 and typical mass

term. Finally, as for the force of the new term, this is

CR-bRDE ()G R, where F(R)=1-25—

%AkRz. The study of the new potential and its force at
the border and inside the object is more complicated due to
the presence of D(R), so in order to get relatively reliable
results, we will need a more detailed treatment. A prelimi-
nary analysis is given in the last subsection, where the result
is that there is no obvious inconsistency with the internal
dynamics.

We continue with the implication in cosmology of the
previous new cosmological constant term for L = D. While
the Newtonian term is certainly responsible for the dust
term Q,,0H3/a* on the right-hand side of (7.6), the above
running cosmological constant term is responsible for the

dark energy term £Z-L (YCx)b Therefore, Qpg o is equal to

3 Gy \ Dy
&7 (rs\b_ 1 (V/Gu\b g N - .
3 (Dm) GNH(Z)( o ). Since Dy ~ ry and 7 is taken to be

of order one, it is implied from the discussion on the value
of the quantity (7.30) that Qpg ~ 1. This can be consid-
ered as a natural explanation of the coincidence problem.
The hard coincidence of the value of the standard cosmo-
logical constant A ~ Hj is exchanged to a mild coincidence
of the index b close to 2.1, which happens to satisty

(45

Gy I's

(7.31)

Strictly speaking, it is the current value A(Ry ) of the time-
dependent function A(Rg) that has a value of the order
of Hj.

As discussed in Sec. IV, the form (7.29) for the running
cosmological constant can be applied directly at conven-
tional cosmologies without the Swiss cheese description to
define a different cosmological evolution. In this cosmol-

. ghy . .
ogy, the dark energy term is i—yGLN (@)b. The quantity L is
a cosmological distance scale instead of an astrophysical
one used in the previous paragraph and this creates a huge
difference. It is a common and sensible approach to assume

L = H7" in this case, and the current dark energy term

becomes @ (vVGyHy)""2H3. This quantity acquires the
correct order of magnitude, HZ, if |b —2| < 0.01, which
means that b should be very close to the IR value 2. It is not
that the two approaches, the one defined by (7.31) and the
one discussed here, differ only quantitatively. They can also
differ qualitatively, in the sense that one approach can be
relevant for the explanation of dark energy and the other
not. For example, if AS predicts for the index b at the
current cosmological scales the value 2.04, this automati-
cally means that the cosmological interpretation of (7.29) is
irrelevant today, and the IR value of b approximately 2 will
be useful for the future Universe evolution. In our work, we
consider the values of b which imply the satisfaction
of Eq. (7.31).
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1. Energy-coordinate distance scale relation

We first choose the simpler case where the energy scale k
is inversely proportional to the coordinate radius R; there-
fore, for the front value of k at the Schucking radius, we
have the relation (7.3). From Eq. (7.6), the Hubble equation
becomes

a’> k  2GyM  y&
—+—== + . 7.32
a> a*  ra®  3rhab (7.32)

This is a simple equation for the evolution of the scale
factor, which is also written as

k 8rG
H+—=—"7~
+ a? 3

(P + ppE). (7.33)
re
872Gy r;ab :

The density parameters are defined as in (7.16) and the
value of ry for a galaxy or a cluster is found from (7.17) as
before. The evolution of the Hubble parameter as a function
of z is

where p is given by (3.4) and ppg =

y&
3r§a8

H? = QuoH3(1+2)’ + 555 (142 = 5 (1 4+ 2%
0

(7.34)

where a, is set to unity. Similarly, the matter density
abundance Q,, becomes

yE 1 K 1 ]!
3r2afQ,0HE (1 +2)°"  afQ,0Hj 1+ 2
(7.35)

Q, =1+

These equations contain the parameters & (which is of order
one), ry (which is known from (7.17) for the typical masses
we use), and y, b. For k =0, in order to have €, an
increasing function of z in agreement with observations, it
should be b < 3.

Now, from (7.35) we take the condition for the correct
amount of current dark energy,

_ redp \?
fby = 3QDE,0GNH(2) (%) .

Equation (7.36) is analogous to the relation A = 3Q,(H3.
As was also explained above, here it is the varying
cosmological constant that creates the dark energy based
on the parameters 7, b characterizing A, and the astro-
physical scale ry. For arbitrary values of b, the parameter 7
will be very large or very small, introducing in this way a

(7.36)

. _ L1 .
new massive scale y = ¥G, . The cosmological constant
A, = yk? should be generated inside the structure due to
quantum corrections, so the parameters 7, b should be given

by the AS theory at the astrophysical scales. Therefore,
Eq. (7.36), as an equation between orders of magnitude,
forms a coincidence similar to that of A (actually it can be
considered as increased coincidence) among these two
parameters 7, b, the astrophysical value ry and the
cosmological parameter H,. What we find particularly
interesting in relation to the coincidence problem is the
situation with 7 ~ 1, because then, no new scale is
introduced for the explanation of dark energy, other than
the astrophysical scale. In this favorite case of ours, the
relation (7.31) is valid with the index b having values close
to 2.1 as explained before, and the hard coincidence of
(7.36) reduces and is just rendered to the mild coincidence
of the value of b. Unfortunately, we will see below that such
b are not allowed here due to acceleration reasons. We
should note additionally that the situation with Eq. (7.36) is
different than the picture where the dark energy is due to
some extra field having its own equation of motion. In that
case, the corresponding of Eq. (7.36) would form a
coincidence relation of dark matter-dark energy where
some integration constants of the extra field would be
involved, while the parameters of the theory would remain
free to accommodate some other observation. This will
actually be the case of the next subsection.
The acceleration is found to be

a 1
—=——Q, H3(1 3
a B m0 0( +Z) +

(2-b)yg

14 2)b.
6r§a6’ ( 2

(7.37)

The condition for current acceleration, d|, > 0, becomes

(2-b)re
a0ty 7

which implies that a necessary condition is b < 2.
Equation (7.37) implies that we have the correct behavior
with a past deceleration and a current acceleration. Due to
(7.36), the inequality (7.38) takes the form

QmO
b<2-— ,
DE,0

(7.39)

which means that b < 1.57. Then, it arises from (7.36) that
7 <1073 (and even smaller for galaxies), so 7 is various
decades of orders of magnitude smaller than unity, and
finally, no alleviation is offered to the coincidence problem.
We continue in the following with a little more inves-
tigation of the present case, but it has already become

. . g .
obvious that the new massive scale y = 7Gy, , very differ-

ent than the one provided by Gg_l, is necessarily intro-
duced. And this is due to the values of b implied by the
subtle issue of acceleration. Note that, for the standard A, it
is A =3.1 x 107122Gy!.
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The late-times cosmological evolution for a spatially flat universe, for the parameter choice b = 1.06, £ = 1,7 = 2.8 x 107,

M = 10" Mg and Q,,; = 0.3. In the left graph we depict the evolution of the dark energy density parameter as a function of the redshift
z. In the middle graph, we present the evolution of the deceleration parameter. Finally, the dark energy equation-of-state parameter is

depicted in the right graph.

We have also to assure that the transition point from
deceleration to acceleration is recent. Combining
Egs. (7.35) and (7.37), we find that this transition occurs
at redshift z, which satisfies the equation

1 3-b
(2& - £ (7.40)

1
e
- b Qm() Cl(z)QmoH(Q)

So, z; is basically determined from the parameter b (for
example, for the value z; ~ 0.5 it is b = 1). Ignoring «, it is
found from (7.40) that z, < 0.67. The condition (7.39) is
equivalent to z, > 0. The deceleration parameter becomes
today,

1 2-b
58m0 =~ CQpEo-

5 5 (7.41)

90 =

So, depending on b, itis —0.55 < gy < 0. The lowest value
qo = —0.55 characterizes the ACDM model and here is
attached to b — 0 with z; = 0.67. The upper value gy =0
is associated to the maximum value b = 1.57 with z, - 0
(for the intermediate example with b ~ 1 itis gy ~ —0.2). If
we are to insist to be close to the familiar value g, = —0.55,
then b should be close to zero and the model is just a slight
variation of the ACDM model, since there are no extra
parameters to create some degeneracy. For such b close to
zero, the dark energy term has a slow evolution instead of
the constancy of the standard A and it is something like
# < 10719, We finish with writing the pressure of dark
energy for a general b as

3-b)yét
872Gy ppE = _B-bird 30 )b (1+2)°, (7.42)
rydg
where the equation of state of dark energy is
b
wpg = —1 + 3 (7.43)

which is constant and is not compatible with a seemingly
varying wpg.

We present in Fig. 1 the cosmological evolution as a
function of z for a spatially flat universe, with the quantum
cosmological constant originated at the cluster level with
M =10 Mg, Q,0 = 0.3, and for the parameter choice
b=1.06,&=1,7=28x 107 which provide z, = 0.5.
We depict in the left graph the evolution of the dark energy
density parameter Qpg from Eq. (7.35), where it appears a
typical decreasing behavior for larger redshifts. In the
middle graph the evolution of the deceleration parameter
q is shown, where a passage from deceleration to accel-
eration at late times can be seen. The dark energy equation-
of-state parameter wpg remains constant in the right graph.
It is obvious that in order to have a wpg close to -1,
according to observations, the value of the parameter b has
to be close to zero, and thus, the model is finally very close
to the ACDM model.

Although the present model is not taken seriously as it is
not theoretically favorable in relation to the coincidence
problem, and also it should be very close to the ACDM
model (by choosing b close to zero) in order to have some
compatibility with simple observational tests, we find
interesting to leave it a little space to breath by noticing
two points. First, the parameter b is not exactly constant,
but more accurately, it is z dependent since at different
cosmic epochs the running couplings move at different
points of the AS renormalization group phase portrait.
Therefore, in general, wpg becomes time dependent. This
point is also related to the specific model of structure
growth one has to assume for a typical galaxy or cluster in
order to make a more realistic implementation of the model.
Since, during the collapsing phase of a structure (larger
length scales), the index b is expected to be smaller than the
current value of the formed object, the mean value of b is
smaller, and thus the real wpg is reduced. Second, in view
of the inhomogeneous/anisotropic models discussed in the
Introduction ([19-21]), the description of a inhomogeneous
universe with more realistic structures would provide
through averaging processes enhancement of cosmic accel-
eration, and therefore, wpg would become even smaller. In
any case, the scenario discussed here will be improved in
various aspects in the next subsection where the energy
scale will be determined from the length scale L = D.
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2. Energy-proper distance scale relation

Here we use the proper distance as measure of the energy
scale, which seems to be more realistic, so we assume the
law (7.4). From Eq. (7.6), the Hubble evolution is given by

a’ LK _2GyM  y&
@ a  rad  3DY

(7.44)

where

rsaH

1 — 26GuM _ r&rla’
rya 3Df;.

The quantity Dg, which expresses the proper distance of the
matching surface, acts as a new cosmological field of
geometrical nature with its own equation of motion (7.45).
Equations (7.44) and (7.45) form a system of two coupled
differential equations for a, Dg. Defining

D = (7.45)

b
_re (7.46)
3D%
which should be positive, we bring the system to the more
standard form,
a®> k 2GyM
;—1——2:——#1// (7.47)

3.3
rsa

3ibryaHy' '

fyb\/ 1 -2

where y plays the role of dark energy. We also have

i = , (7.48)

22
—rsa‘y

K 87[GN

H? + 5 === (p + poe). (7.49)

where p is given by (3.4) and ppg = ﬁy/.

The density parameters are defined as in (7.16) and the
value of ry for a galaxy or a cluster is found from (7.17) as
before. It is more convenient to work with the redshift z and

the evolution of y(z) is given by

dy _ Syt (7.50)
dz  gb(1+ Z)Z\/@ = Q,0Hg(1 +2) - 75

After having solved (7.50), the evolution of the Hubble
parameter as a function of z is

H? = QuoH3(1 +2) +y = = (142,
0

(7.51)

while, the matter density abundance €,, becomes

K 1 ]!

V/8
Q, = |1 -
" + Q0H3 (1 +2)°  a3Q,0H31+z

. (1.52)

For the numerical investigation of the system, we will
need the current value y, of w. In terms of the other
parameters, it is

wo = QpgoHj. (7.53)
The differential equation (7.50) contains the parameters &
(which is of order one), rs (which is known from (7.17) for
the typical masses we use), and y, b. With these parameters
and y given in (7.53), we can solve numerically (7.50) and
find y(z). Then, we can plot Q,,(z) from (7.52).

It is illuminating to define the variable ¥ = w/H3, and
then, Eqgs. (7.50)—(7.52) become, respectively,

dij 35b(GyH2 )i 2!
d_"’ = — ’ (CI;N )l : (7.54)
¢ gp(l+2)? \/W_ o1 +2) -7
2
P:Q o(1+2)° + 9+ Qp(1+2)? (7.55)
0
1y Qe 1]
Q, = [1+— : 7.56
[ Q0 (1+2)3 QmOH—J (7.56)
where ) = Qpg g and Qg = —k/(a}H3). Since Q < 1,

Q,0~ 0.3 and Q,, should basically increase in the past, it
arises from (7.56) that for recent redshifts, where our
scenario makes sense, it should be /(1 + z)* < 1; other-
wise, Q,, would drop to unacceptably small values in the
past. As a result, /(1 + z)? < 10, which is actually even
smaller. On the other hand, the quantity 1/(r2H3) in the
square root of (7.54) is approximately 2 x 107 for a galaxy
and 5 x 10* for a cluster; thus, only this term remains in the
square root to very high accuracy (better than 0.02% for
clusters and better than 0.00005% for galaxies). Therefore,
the differential equation (7.54) for any practical reason is
approximated by the simple equation

dy  3vb L rzag @'
—— =" (GyH3}) 7.57
dZ 57; ( N O) /_GN (] -+ Z)2 ( )
Integration of (7.57) gives
~ 3_ (G )1 rydg 1 I —b (7 58)
cl .
L P N e I

where c is the integration constant. From the value of ),
we find ¢, and finally we have for the evolution of dark
energy,
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|
3 1 Fyayg Z

(GN o) VGy 14z

The positiveness of y implies that

_1 —b
§= [QD;;,O GED

3Q ] rsa
~1 DE,0 21 I'sdo
z GyH)b -1 7.60
< &7 >( VIO Gy 70
As a result of the inequality (7.60), we get that
3Q rsa,
by PRY _GyHE( ==X ) | 7.61
A TN °<FGN> o0

where z,x = O(1) is a redshift such that in the interval
(0, zmax) the model should definitely make sense.

For concreteness, we write explicitly the Hubble evolu-
tion H(z),

H2
— = Qm()(l +Z)
HO

3l L ryay 2 —b
(GN o) VGxy 1+z]
(7.62)

1
|:QD?E,O
+ QKO(l + Z)z’

which is extremely accurate for all relevant recent redshifts
where our model is applicable. The only unknown quan-
tities in Eq. (7.62) are &7 and b. Equation (7.62) is a new
Hubble evolution which can be tested against observations
at the background level. We note that the dark energy term
in (7.62) is quite different than the one of Eq. (7.34). It is
obvious from (7.62) that Q,,y + Qpg + £, = 1. When
&7 is much larger than the right-hand side of (7.61), the
dark energy of Eq. (7.62) is approximately a cosmological
constant. The most interesting case is certainly when
&y ~ GyH;} (\/r—é—N)b , and then, all the terms in (7.62)—with
the exception of the spatial curvature ,—are equally
important and give a nontrivial dark energy evolution. In
this case, various combinations of 7, b are allowed such that
(7.61) is satisfied, introducing in general new scales.
Moreover, due to the presence of the integration constant
¢ which arranges Qpg o, the terse relation (7.36) has now
been replaced by the loose inequality (7.61), and therefore,
the precise value of the quantity &7 can be used in order to
accommodate some other observation, e.g., the acceler-
ation. For a general b, although the dark energy may
sufficiently be attributed to the varying cosmological
constant, the coincidence problem is not particularly
alleviated. However, what we find particularly interesting
for the explanation of the coincidence problem, as was
discussed above, is the situation with 7 ~ 1, because then,
no new mass scale is introduced for the explanation of the
dark energy, other than the astrophysical scales. This is our
favorite case, where the relation (7.31) is valid with the
index b having values close to 2.1, as explained. Such
values of b are also theoretically interesting since they are
close to the IR fixed-point value b = 2 of AS theory and it

remains to AS to find if such values are predicted at
the astrophysical scales. For example, for a galaxy with
b =2.13, inequality (7.61) provides that &’y > 2.2
(1 + zzly )72, while for a cluster with b =2.08 it is
&Py > 1.8(1 + zmly) ™, relations which can easily be sat-
isfied with suitable 7 ~ 1.

Combining Egs. (7.46) and (7.53), we obtain

Dso\* &7
G H2< S*°> - .
MO\VGY) T 300

For 7 such that inequality (7.61) is saturated, which means
that the dark energy in (7.62) is nontrivial (different than a
cosmological constant), we conclude from (7.63) that the
value of D at the current Schucking surface is Dgg ~ ry.
This is true, either for our favorite » or more generally. Note
that Dy is of the order of ry and not approximately equal
to ry, as might be guessed initially. It is obvious that the
relation (7.36) between the parameters has now disap-
peared in (7.63) due to the freedom introduced by the
presence of Dgq. The precise value of Dg, is given by
(7.63) and depends on Qpg . The quantity Dy acts as an
extra independent cosmological field in the system (7.44),
(7.45), whose initial condition Dy is set today in agree-
ment with the amount of measured dark energy. This initial
condition measures the proper distance of the current
matching surface of the Swiss cheese model and the extra
interesting thing, which also sheds light to the coincidence
problem, is that it is of the order of the radius of the
astrophysical structure. If it was not, then it would be just
the integration constant of an extra field that should be
selected appropriately to create the measured dark energy,
and therefore, introduce another scale. We can also find
from (7.46), (7.59) the expression of Dg(z) to high
accuracy

(7.63)

Dy & 1
rzao_

VGN_ Z

3, (GuH) rsap 142

(7.64)

Equation (7.64) reduced to (7.63) for z = 0. For a nontrivial
dark energy evolution in (7.62), the function Dg remains for
all relevant z of the order of ry.

In the interior of the object, the proper distance D is a
function of the position R; i.e., it is D(R), and the equation
governing this evolution is (7.2). Since Dy is known, the
initial condition of Eq. (7.2) is set at R = Rgy = ry as
D(rs) = Dg. In terms of the normalized variables D =
D/rs and R = R/rs, we have

b _ {1 &y («/_GN>1’—2 1 [aggmo 1

dR D’g,o Qpg o R

I's

(7.65)
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with the initial condition set at R =1 as D = Dso =
(391350) (Gy Hz)—-\/ﬁ We note that the fact that Dy

changes in time does not mean that the interior solution
is time dependent. The interior solution is static and simply
D s.0 1s used as initial condition for the integration of (7.65),
since this is known from the current amount of dark
energy. Since for our favorite values of 7, b which validate

Eq. (7.31), ol
magnitude smaller than one and Dso ~ 1, the initial value
of dD
Therefore close to ry, the function D(R) — R remains
constant. We will see numerically that this is approximately

true more generally and find the integration constant.
Concerning the acceleration we find

the factor is various orders of

a 1
S = Q0 H2(1+2)?
a 2 'm0 0( +Z)
N by
LA
28(1+ Z)\/@— Q,0Hg(1+2) - =k

(7.66)

In terms of  we have

a 1
H—%a: —EQmo(l +2)°

3ib(GyH) '
- (GyHG) 2y

2675(1 + Z)\/@T%Hg —Q(l +2) - ﬁ
(7.67)
which is very well approximated, as before, by
a 1 3ib 1 I'sdg l//ler
——=—=Q,0(1 3 G
H%a ) mO( +Z) +l// f]/b( N O) \/_NI+Z
(7.68)
or explicitly in terms of z as
a 1
——=—=Q,,(1 3
H%a 7 mO( +Z)
1 31 | rsag b+ 2z}
+ Q5 G
[~ (G 2L
1 3] 1 I'sdy Z —-1-b
X |Qnr G . (7.69
5o ~<No>¢_1ﬂ} (7.69

The transition redshift z, from deceleration to acceleration
is found from (7.69) setting & = 0. The current deceleration
parameter takes the following very accurate expression if
we use Eq. (7.69),

1 3 b 1+1 1 'y
=-Q Q Q7 (GyH2)b , 7.70
9o = 5 %3m0 ~ DE0+2€}/ DEO( NHG)? m ( )

and therefore, ¢, takes values larger than the ACDM value
—0.55. From (7.66) or (7.67), the condition d|, > 0 is
written as

36°QLH, e
_ » 1o 2 2
(2QpEo = 0) r zaoH 0

b

1+QK0>2

(7.71)

ey >

and is very well approximated by

3bhgl+b b
L R ( ’Z“O) o am)
(ZQDEO - QmO) Vv GN

which also arises from (7.70). The inequality (7.72) can be
seen that is sufficient in order to have the significant

condition Qm|0 < 0. For our favorite values of 7, b which
validate Eq. (7.31), the right-hand side of (7.72) is of order
one and £”7 should be chosen accordingly, still being of
order unity. For example, for galaxies with b = 2.13 we
take from (7.72) that &7 > 4.2, while for clusters with b =
2.08 it should be &% > 3.2. These conditions are stronger
that those implied by (7.61) for any z,,.x, S0 (7.61) can be
forgotten. For these values of b we provide now some
indicative numerical results for ¢, from Eq. (7.70) and z,.
For galaxies with b = 2.13, we have the following: for
£E=9,7=51itis z; =0.68 and gy = —0.49; for £ =3,
y=2itis z; = 0.69 and g, = —0.29; for§ = 1,7 = 6 it s
z, = 0.51 and gy = —0.09. For clusters with b = 2.08,
we have the following: for £ =9, y =5 it is z, = 0.68
and gy = —0.50; for £ =3, y=2 it is z, =0.69 and
qo=-0.32; for £€=1, y=6 it is z, =0.60 and
qo = —0.14. In all these cases, the inequality (7.60) does
not provide any restriction on z. If b increases more than
2% relative to the above indicative values, then the quantity
£P% moves to higher orders of magnitude to assure accel-
eration, while if b gets values smaller than the above
indicative, the inequality (7.72) is easily satisfied since its
right-hand side becomes suppressed.

Finally, the dark energy pressure and its equation-of-
state parameter are

&y >

872Gy PpE
by
= _3W + 1 1 . 2 _v
Eyr(1 + Z)\/?a(z) - Q,0H5(1 +2) - (l-ls{/z)2
(7.73)
Ly, 1
wpg = —1 + >
(14 2) [ — QuuoH2(1 4 2) — -
é:}/b( Z \/r%alz) m0440 (1+2)?

(7.74)
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FIG. 2. The late-times cosmological evolution for a spatially flat universe, for the parameter choice b = 2.06, £ =5,7 =5, M =
105 M and Q,,9 = 0.3. In the left graph we depict the evolution of the dark energy density parameter as a function of the redshift z. In
the middle graph we present the evolution of the deceleration parameter. Finally, the dark energy equation-of-state parameter is depicted

in the right graph.

In terms of 7, we have

Sﬂ'GN
T(z)pDE
3ib(GyH})i2p!
(1 +Z)\/,§ i — Quo(1 +2) (1+2)?
(7.75)
31 b(GyH3 )i
wpg = —1 + (NO) |4 __,

(7.76)
which are very well approximated, as before, by
87[GN 3lb 1 FyQg I,TIH_%
= 3y + GyH3)» 7.77
HQPDE "4 57/(N0)\/G_Nl—l—z ( )
3%_1b 1 I'sdg l/h'/%
wpg = —1 + —— (GyH3 )1 ———= , 7.78
DE 57% ( N 0) \/G_N1+Z ( )
or explicitly in terms of z as
87Z'GN 3b 1 I'sdg b+3Z 1 :|
N — G —3Q7
H(z) PDE Lt ( N O)\/_l—i—z DE.0
_1 31 17"2@0 Z :|_1_b
X |Qp G H3)
(7.79)
3! | rsag b+ 3z -1
WDE = [5 (Gy o) \/— T1+z QD%,0:|
-1 31 1 I'ydy Z -1
X |:QD%,0 (GN 0) N AR . (7.80)

The present-day dark energy equation-of-state parameter
takes the following very accurate expression if we use
Eq. (7.80),

3i-1p

Qf)Eo(GNHZ)‘

e (7.81)

wpgo = —1 +

and therefore, wpg takes values larger than the ACDM
value —1 (phantom values smaller than —1 can only be
obtained if b < 0). According to (7.72), it can take any
value wpgo < —% (1 + éiEOO) —0.48. In our typical exam-

ple, using b = 2.13 at a galaxy structure, for§ = 9,7 = 51t
is wpgo = —0.95, for £ =3, 7 =2 it is wpgy = —0.75,
while for £ = 1,7 = 6 itis wpg o = —0.56. Similarly, using
b =2.08 at a cluster structure, for £=9, y =5 it is
wpgo = —0.95, for § = 3,7 = 2 itis wpgy = —0.78, while
for£=1,7=061tis wpgg = —0.61.

To capture the results of this case, we present in Fig. 2
the cosmological evolution as a function of z for a spatially
flat universe, with the quantum cosmological constant
originated at the cluster level with M = 10" M,
Q,0=0.3, and for the parameter choice b = 2.06,
&=5, y=15, which provide z, =0.67, ¢g,= —0.52,
wpg,o = —0.978. Of course, these are just indicative values
of the parameters, which however look successful at least at
first glance (in a forthcoming paper [36], we will perform a
numerical analysis at the background level with data from
SNla, H(z) measurements, BAO, etc., where we can say in
advance that the fittings show excellent accuracy). We
depict in the left graph the evolution of the dark energy
density parameter Qpg from Eq. (7.56), where a typical
decreasing behavior for larger redshifts is shown. In the
middle graph the evolution of the deceleration parameter ¢
is shown, where the passage from deceleration to accel-
eration at late times can be seen. The dark energy equation-
of-state parameter wpg in the right graph shows a
nonconstant evolution with a current value wpg, close
to -1. We also note that if we solve numerically the
differential equation (7.50), instead of using the analytical
expression (7.59), the results are exactly the same due to the
high degree of accuracy of our analytical expressions.
Notice that the two reasons mentioned in the end of
subsection VIIB 1, about the time variability of b and
the further decrease of wpg, are also valid here. Namely, a
more realistic study of the RG flow inside the structure,
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together with a model of structure formation on one side,
and the study of more realistic inhomogeneous/anisotropic
cosmological models through averaging processes on the
other side, would reduce wpg, possibly even to phantom
values.

Because we are taking our scenario seriously, we would
like to finish with an estimate of the potentials and the
forces inside and at the border of an astrophysical object.
As for the border, the situation is clear and precise. Since
the mass of the structure can be considered as being
gathered at the origin, the Schwarzschild term is exact
and provides the Newtonian force at the border. If this force
and its potential are dominant compared to the new
cosmological constant term at the border (which will
indeed be the case), this will already be an indication that
inside the object the interior dynamics will also not be
severely disturbed. More precisely, in the interior of the
object, either galaxy or cluster, there is a profile of the
matter distribution (luminous, gas, dark matter) which will
give some deviations from the central 1/R potential. We
will first study what is the situation in Milky Way, which is
a well-studied galaxy. A very good fit of dark matter halo
profile (which is the dominant matter component) to
available data for Milky Way is performed [37] using
the Universal Rotation Curve (Burkert) profile with matter
density ¢(R) = ¢.(1+7)~'[I + (£)*]”", where the den-
sity scale ¢.~4 x 107 My /kpc® and the radius scale
R. ~ 10 kpc. The use of a matter profile is necessary in
order to get precise values of the Newtonian forces and
velocities inside the galaxy (R < R,). It can be easily seen
that in the inner regions of the galaxy (R < 0.4R}), the real
amount of matter is much larger than the matter predicted
by a constant energy density profile, so this constant profile
gives a poor underestimation of the Newtonian force. On
the other hand, an interesting result is that away from the
very center of the galaxy (R Z 0.1R,,) the real Newtonian
force is of the same order as the Newtonian force due to the
idealized picture with all the galaxy mass gathered at the
origin. This result of Milky Way indicates that, although we
will not enter the complicated discussion to study the
precise Newtonian force inside other galaxies or clusters,
this force will be estimated by the central 1/R? force. This
way, we will be in position to compare the varying
cosmological constant force relatively to the Newtonian
force, and see how long the new force does not give
obvious inconsistencies with internal dynamics. Of course,
a more detailed study and comparison to existing or
upcoming data is necessary.

With the explanations of the previous paragraph, we
assume that the gravitational field given by the modified
Schwarzschild metric (6.1) in the interior of the object
(far from its very center, e.g., for R = 0.1R,) provides a
sufficient estimate to anticipate what are the interior
Newtonian and cosmological constant forces. We use
the indicative parameters b =2.08, =1, 7=6 to

numerically integrate Eq. (7.65). The solution of this
equation gives the function D(R), which turns out to be
an increasing function of R, as it should be. The first
observation is that the function D(R) in all the relevant
distances, throughout the interior of the astrophysical
object up to the current Schucking radius Ry = ry, has
values of the order of ry. Therefore, not only Dg(z) remains
of order ry, but also the whole D(R) is so, and provides a
variable with values natural to the dimension of the object,
without acquiring unnatural very large or very small values.
In general, at distances up to a few decades of ry, a reliable
approximation for the solution, as it is seen numerically, is
D ~ R +0.79, thus D has approximately a constant differ-
ence from R. Of course, this expression of D can be used to
obtain some intuition, but the detailed structure of D could
also be significant elsewhere. The next important thing is to
study the ratio of the potential term due to the varying
cosmological constant to the Newtonian potential, as they
arise from Eq. (7.65). For small clusters, this ratio is less
than 1% either at the border or inside. For the largest
possible clusters, the ratio becomes 15% at the border and
less inside. Therefore, for the latest clusters, we have a non-
negligible contribution to the pure Newtonian potential
with possible observable signatures, still without an
obvious inconsistency. Since the Newtonian potential is
negligible relatively to unity for R 2 0.1R,, up to the border,
thus both potentials are very weak and F is approximately
one to high accuracy. For all clusters, with any diameter, the
two potentials become of the same order at the Schucking
radius and this was the reason above for the successful
explanation of dark energy. At even larger distances
(R Z 3ry) the cosmological constant becomes the dominant
term (although in the Swiss-cheese model, at such distances
the cosmological patch is present instead of the static one).
Finally, the ratio of the cosmological constant force to the

: o SpEo R 50\b 3
Newtonian force is o v 2)(=3%)"R". It turns out

that this ratio is negative, which means that the new force is
repulsive, as expected. For small clusters, this ratio is again
less than 1% either at the border or inside. For the largest
possible clusters, the ratio becomes 20% at the border and
less inside. Again, for such clusters, a non-negligible
contribution to the Newtonian force arises, which should
be studied more thoroughly in comparison with real data.
Similar results with all the above occur for clusters with
different values of the parameters &, 7, where most usually
the extra force and potential are further suppressed. As for
galaxies, it can be seen that the force or the potential of the
extra term is always restricted to a contribution of a few
percent, independently of the parameters.

Some remarks are in order about what may happen with
the formation of large scale structures of the Universe in the
context of our model. It is well known that modifications of
gravity that are almost ACDM at the background level may
have very different evolution of structures. In our present

123542-23



GEORGIOS KOFINAS and VASILIOS ZARIKAS

PHYS. REV. D 97, 123542 (2018)

understanding of the theory, we cannot analyze the whole
structure evolution because the scenario starts somehow
suddenly with the appearance of the structures. The present
work provides a study only at small redshifts. If in the future
we manage to understand better the behavior of the RG flow
at different energies and scales, we will able to quantify more
accurately the antigravity effects during the formation and
the evolution of structures. This knowledge will require from
AS theory the correct RG flow of gravity with matter at the
infrared energy scales and also the exact relation of the
amount of energy/mass that is associated with the value of
the varying cosmological constant. However, we foresee that
general relativity will be preserved somehow accurately
during structure formation because, in the initial clouds that
collapse, the antigravity quantum effects are not expected to
be very important and they become significant recently
where structures are denser and smaller. But this, of course,
must be studied with an exact RG flow.

VIII. DISCUSSION AND CONCLUSIONS

We have proposed that the dark energy and the recent
cosmic acceleration can be the result of the existence of local
antigravity sources associated with astrophysical matter
configurations distributed throughout the Universe. This is
a tempting proposal in relation to the coincidence problem
since in that case the dark energy naturally emanates from the
recent formation of structure.

The cosmic evolution can arise through some interrelation
between the local and the cosmic patches. In the present work
we have assumed a Swiss cheese model to derive the
cosmological equations, where the interior spherically sym-
metric metric matches smoothly to an FRW exterior across a
spherical boundary. This Schucking surface has a fixed
coordinate radius in the cosmic frame, but expands with
time in the local frame.

Various gravitational theories can be implemented in the
above context and see if the corresponding intermediate
distance infrared phenomena can provide the necessary
cosmic acceleration. This is not always an easy task since
the appropriate spherically symmetric solutions should be
used along with the correct matching conditions. Our main
concern in this work, in order to test our proposal, is to
consider quantum modified spherically symmetric metrics,
and more precisely, quantum improved Schwarzschild—de
Sitter metrics, which are used for modeling the metric of
galaxies or clusters of galaxies.

Asymptotically safe (AS) gravity provides specific forms
for the quantum corrections of the cosmological and
Newton’s constants depending on the energy scale. In
the far infrared (IR) regime of AS evolution, which
certainly corresponds to the cosmological scales, there
are encouraging indications for the existence of a fixed
point of a specific form. In the intermediate infrared scales
of our astrophysical objects, it is therefore quite reasonable

that some small deviations from this IR law occur, and on
this behavior our most successful model was built con-
taining the appropriate antigravity effect. This model uses
dimensionless order-one parameters of AS, the Newton’s
constant and the astrophysical length scale (which enters
through the Schucking radius of matching) and provides a
recent dark energy comparable to dark matter. At the same
time, sufficient cosmic acceleration emerges at small red-
shifts, while the freedom of the order one parameters has to
be constrained by observational data in the future. To the
best of our knowledge, this is the first solution of the dark
energy problem without using fine-tuning or introducing
add-hoc energy scales. Although this cosmology, given by
Eq. (7.62), has a quite different functional form than the
ACDM cosmology, the modified Schwarzschild—de Sitter
interior metric allows us to interpret the encountered
quantity (7.30) as giving approximately the correct order
of magnitude of the standard cosmological constant A,
which can thus be considered as a composite quantity.
As a more technical point concerning the above cosmol-
ogy, there appears, from the relation of the AS energy scale
with a length scale, a coupled geometrical field with its
own equation of motion, which is identified as the proper
distance. The integration constant of this field, which is
the proper distance at the current Schucking radius, arranges
the precise amount of dark energy, and since its value is of the
order of the length of the astrophysical object, yet no new
scale is introduced from this stage. Finally, we have
presented a crude estimation of the antigravity effects in
the interior of the structure and it appears that they stay at
sufficiently small values, so that not to create obvious
conflicts with the local dynamics of the object. This is an
interesting issue that deserves a more thorough investigation.
As a future work, it is worth investigating the same
scenario with inhomogeneous/anisotropic Swiss cheese
models. The present work uses the simplest Swiss cheese
model as a first simple approach. It is necessary to begin with
itin order to isolate the magnitude of the effects of antigravity
sources. Inhomogeneous Swiss cheese type models are
certainly more realistic, and we expect that they will enhance
the produced effective amount of acceleration. Moreover, the
evolution of structure will add a more refined picture of the
passage from the deceleration to the acceleration regime.
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APPENDIX A: ASYMPTOTICALLY
SAFE GRAVITY

1. General theory

The elusive theory of quantum gravity is associated not
only with mathematical challenges but also with many
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conceptual problems, including a measurements scheme and
several epistemological issues. This is something expected
since quantum gravity will most probably provide the Theory
of Everything, a model that most certainly will include
revolutionary new mathematical and physical concepts.
Nevertheless, some part of the scientific community last
decades has been focused, as a first, on attempts to propose
solutions to the well-known result that the quantization of the
Einstein-Hilbert action leads to a quantum field theory which
is perturbatively nonrenormalizable [38].

In general, a mathematical modeling of a system is
greatly simplified if one allows for more parameters, more
dimensions or more symmetries. Remarkably, there is one
serious attempt of quantum gravity that works in four
dimensions using only the symmetries of conventional
quantum field theory and of general relativity. An effective
quantum field theory of general relativity can give answers
about the calculations of amplitudes at energy scales below
the Planck scale. This is a result of the fact that higher-
derivative terms are suppressed by powers of the Planck
mass. However, for energies close to or larger than
Planckian scales, the effective theory requires a fixing of
an infinite number of free coupling constants from exper-
imental input. This equivalently means that at every loop
more experiments must be performed and this finally leads
to loss of predictability.

Asymptotic safety (AS) exists in the space of theories
that includes the corresponding effective field theory. The
AS program recovers ‘“predictivity” by imposing the
demand/principle that the physically accepted quantum
theory is located within the ultraviolet (UV) critical hyper-
surface of a renormalization group (RG) fixed point that is
called the non-Gaussian fixed point (NGFP). The existence
of the latter point guarantees that the UV description of the
theory furnishes all dimensionless coupling constants to be
finite. Now, determining the trajectory uniquely (which
means to pick up a specific universe RG flow) requires a
number of experimental input parameters equal to the
dimensionality of the hypersurface. This has been proved,
under some simplified approximations, that it is indeed
possible and there is the NGFP where a trajectory begins
and generates general relativity at low energy [39-45].
Approximations of the gravitational RG flow can be carried
out with the help of the functional renormalization group
equation (FRGE) [39]

1
Olilg.9) =5 T +RYTOR]. (AD)

regarding the effective average gravity action I';, where

Ff), 9w and Ry are defined in the context of the back-
ground field formalism. This methodology splits the metric
gy into a fixed background g,, and fluctuations A,,. The

quantity F;(Z) is the second order functional derivative of

', with respect to the fluctuation field 4, and R; gives a

scale-dependent mass term for fluctuations with momenta
p* < k?, where the RG scale k is constructed from the
background metric. This RG equation implements Wilson’s
idea which suggests integrating out momenta p> < k?, i.e.,
small fluctuations. In this way, I'; provides an effective
description of the system for scales k*. Remarkably, this is a
background independent method [46].

The simplest estimation of the RG flow, concerning
gravity field, arises after projecting the FRGE onto the
gravity action approximated by the following I';

1
— [ d*x

I, = —R +2A;),
e (=R + 2

(A2)

where gauge fixing and ghost terms are of course included.
This approximation includes two energy-dependent cou-
plings, the Newton’s constant G, and the cosmological
constant A;. For convenience, we define their dimension-
less counterparts

gr = k*Gy, M = k2N, (A3)
which should respect the beta functions.

In the absence of knowledge of the real functional scale
dependence of gy, 4, it is not clear what is the correct
trajectory in the space of g, 4; that was followed by the
Universe. In other words, we do not really know yet the
detailed path along which the classical general relativity
regime at the present-day epoch with a constant Gy and
negligible A can be obtained. In the trans-Planckian regime
the NGFP is present [33] and the behavior of the couplings
near this point is given by constant values, g, = g.,
A = A4, so in the deep ultraviolet (k — o), G approaches
zero and A diverges. There is another fixed point, the
Gaussian fixed point (GFP) [31], which is saddle and is
located at g = 4 = 0. In the linear regime of the GFP, where
the dimensionless couplings are pretty small, the analysis
predicts that G is approximately constant, while A displays
a running proportional to k*. To the other edge of the far
infrared limit (k — 0) [32], the behavior of the RG flow
trajectories with positive G, A is not so well understood
since the approximation breaks down (divergence of beta
functions) when A, approaches 1/2 at a nonzero k, where
an unbounded growth of G appears together with a
vanishingly small A (interestingly enough, this happens
near k = H,). The exact value of the current A is unknown
due to this break down.

2. Cosmology

The framework of AS in principle describes a modified
gravitational force at all length scales, something that
makes the cosmological model building feasible [29,32],
[47-67] (see also review [45]). Consequently, phenomeno-
logical studies that use cosmological data can constraint
the various free parameters appearing in AS, including the
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values of the cosmological constant and Newton’s constant.
The various research studies that appear in the literature
incorporate the AS property of energy-dependent couplings
in two ways.

In the first approach, the scale laws of the couplings are
taken from the rigor RG computation of AS close to the
NGFP or GFP, or at some infrared range. Then, either these
laws are incorporated in general relativity solutions or they
are included in properly modified Einstein equations that
respect Bianchi identities. In this approach, there is the
advantage of using rigorous and trusted results from RG
studies of AS. However, this approach is supposed to
concentrate on the study of a relatively restricted energy
scale range, i.e., for the big bang regime or the infrared
regime, and typically is not used for the description of the
whole cosmological evolution.

In the second approach, RG improved techniques are
used either in the equations of motion or in the machinery
of the effective average action. The models are not
implemented at the same level of rigor as the full RG flow
studies forming the core of AS. However, they allow for the
construction of interesting cosmological scenarios with
extended cosmological evolution.

It is common in the AS literature to set G and A as
functions of the energy k in the existing solutions of
Einstein equations in order to improve their behavior.
The simple input of G(k) and A(k) into the classical
vacuum equations results to violation of the Bianchi
identities, while this same input into a classical solution
creates a metric which is not solution of a well-defined
theory. In [68], the formalism of obtaining RG improved
solutions that respect Bianchi identities was presented at
the action level. In [69], an alternative and mathematically
more solvable approach was developed at the level of
equations of motion, consistent with Bianchi identities,
where the appropriate covariant kinetic terms that support
an arbitrary source field A(k) was included without any
symmetry assumption.

Many AS cosmological studies have analyzed the early
cosmological evolution or the dark energy problem and it
was even possible to propose solutions to the cosmic entropy
issue [67]. Of particular interest are studies where “RG
improved” cosmologies admit exponential or power-law
|

inflationary solutions [70]. The initial vacuum state of
cosmos is characterized by an energy-dependent cosmologi-
cal constant, and subsequently, Einstein equations, modified
according to AS, include a nonzero matter energy-
momentum tensor with an energy-dependent Newton’s
constant (matter is expected to appear due to energy transfer
from vacuum to matter fields). Both these A and G respect the
energy dependence that is predicted in the context of AS at
the NGFP. In [71], extending the formalism presented in [69]
beyond the vacuum case to also include matter, quantum
gravity inspired modified Einstein equations were realized,
capable to describe both absence of matter cases and
configurations with matter contributions. There are also
studies discussing the singularity problem [72] or the
assumption that the Universe had a quantum vacuum
birth [69].

An important question is the association of the RG scale
parameter k to the cosmological time or proper length, in
order for the model to be reasonable. First works have
chosen the RG scale to be inversely proportional to
cosmological time [29], while later, the more popular
connection with the Hubble scale was developed. In some
other works, the RG scale is linked with the plasma
temperature or with the fourth root of the energy density
[73], the cosmological event/particle horizons [74], or
curvature invariants like Ricci scalar [63—-65].

APPENDIX B: ANALYSIS CLOSE TO THE
GAUSSIAN FIXED POINT

Here we perform an analytical study of Sec. VIIA
concerning the Gaussian fixed point. Because of the
extreme fine-tuning in @, numerical study of the equations
of Sec. VII A is not possible. For k = 0, we define the
quantities

_ 1~ (1-9Q,0)H; a
(1-9, )Ho_§ Hj

>0. (Bl)

Note that 7+ 1 > 0. From (7.24), the dimensionless
quantity % is fine-tuned very close to 1-9Q,,, ie.,
0<1-Q, —‘335 10722, From (7.21) it is 7, = 0, while
Eq. (7.18) becomes

dy _ 45(7 + 1)t (82)
d ~ b
1= Qa1 2+ (1= R = DG+ )3
where
. 33 rsagHj @\
=2 (3 -0-3)

Due to (7.24), it is £ < 10?3,
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Equation (7.20) takes the form

Q,.0(1 3
Qm = 3}110( + Z) — , <B4)
§+Qm0(1+z) +(1_Qm0_§>(1+1)

where the first % in the denominator can be practically
replaced by 1—Q,,, Then, since y, =0, Eq. (B4) is
consistent today. For a recent range of redsifts z it is
(1-Q,0—%) (¥+1)<10°. This condition actually defines
this recent range of z. This is a very weak condition which
is also physically reasonable. Indeed, in the opposite
case, ,, from (B4) would become extremely small for
recent z, which is unacceptable, since the Universe would
be practically empty of matter. Therefore, this condition
is expected to be valid for all relevant recent z. Thus, it
arises that (1 —Q,0 —%)riafHj(7 +1) < 1 and (B2) is
well approximated by

dy 47+ 1)

dz  (1+2)?*"° (B5)

with general solution

- (.. ¢ )‘4
= C+— _15
“ ( 1+ z

where ¢ is integration constant. From the integration of
(BYS), it arises that it should be ¢ + % > 0. Since o = 0,
the solution takes the form

. { 14z T |
A== T
under the condition ({ — 1)z < 1.

For { <1 the condition ({— 1)z <1 is satisfied for
any z. From (B7) it arises that 7+ 1= O(1), thus
(1-=Q,0—%(7+1) <1072, Therefore, the previous
inequality (1 —Q,,0 — %) (¥ + 1) < 10° is indeed satisfied,
and moreover, (B4) takes the form

(B6)

(B7)

B Q,0(1 +2)*
" I_Qn10+gm0(1+z)3’

Q (B8)

which is the ACDM behavior. Therefore, in this case, the
behavior of Q,,(z) cannot be discerned from the ACDM
behavior.

a o QmO a

For ¢ > 1, the condition ({— 1)z <1 is satisfied for
z < zz, where z; = ({ —1)7'. Therefore, for ¢ > 1, the
model is valid only for z < z.. It is obvious that as ¢
increases, z; decreases and z is only meaningful for a short
range around z = 0. Thus, physically the only reasonable
values of ¢ are those which are of order one. Furthermore,
for any ¢ > 1, the redshift z should not be extremely close
to z;; otherwise, 7 + 1 would become very large, and as
stated above, Q,, would become extremely suppressed,
which is not acceptable. To be more precise, let us define

the quantity
@\
=(1-Qu—=],
€ < 'm0 3)

where & < 107>, Thus, it should be z < (1 — €)z,, which is
the regime of applicability of the model, and then
(1-Q,0—-%9(7+1)<1. This means that very close to
the higher value of z, i.e., very close to (1 — e)zc, there is a
deviation from ACDM, while shortly later, as z reduces, the
Q,, behavior is not discerned from that of ACDM. When
we say shortly later, we mean that for z < (1—5¢)z;
ACDM is established. In the initial era (1 —5¢)z; <z <
(1 — &)z, the full Eq. (B4) is valid.

The evolution of the Hubble parameter is found from
(7.19) to be

(B9)

(B10)

The first term ‘%’ on the rhs of (B10) can be practically
replaced by 1 —Q,, As above, for { <1 the ACDM
expression arises

H2

1720 1= Q0 + Qo1 +2)°, (B11)
0

while for { > 1 the full expression (B10) is kept, which
however reduces to (B11) when z < (1 — 5¢)z;.

In order to study the acceleration properties of the model,
Eq. (7.22) is written as

20(7 + 1)t

(33— (1+z)P3+ (1—9,,,0—5)(;?“) 1-

H%a N 2

1+ 1= B+ Qa1 20+ (1= Qo =Dz + DI

2 27172
ryagHy

(B12)
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while Eq. (7.27) becomes

41 -Qu -9 (F+1)

NG

wpg = —1 +

(B13)

According to the previous results, the long square root in
(B12) can be set to unity, while the term § in the beginning
of the rhs can be replaced by 1 — Q,,;. Similar simplifica-

tions occur also in (B13). If we define for convenience the

quantity
1 1
p— (’%‘13’{5)%, (B14)
Evi \Hyy/Gy
then ¢ = pe. For galaxies it is u ~ 10?7, while for clusters
u~10%.

For { <1 & e <1072, Eq. (B12) obtains the ACDM
behavior

a Q.0
2

0

Additionally, Eq. (B13) gives wpg = —1. Therefore, for
¢ < 1 the acceleration properties of the model coincide with
those of ACDM.

For { > 1 © &> 1078, Egs. (B12) and (B13) become

i Qo
. —=1=-0 =" 3 407 11
a i (142 +e(x+1)
2ue(7 + 1)i
X[I_M], (B16)
14z
4ued (7 + 1)
WDE:_1+ (Bl7)

3(1 + Z)[l - QmO + 84()? + 1)] '

In these equations, there are some characteristic intervals
of z with the following hierarchy: (1 —,u%e)zg<
(1-0.5u€) 7, < (1-5¢)z; < (1—€)z. In the initial regime
(1- O.S,Lﬁe)q <2< (1 —¢€)z:, Eqs. (B16) and (B17) can
well be approximated by only their very last terms, which
means that in this regime a deceleration is present. Especially
for (1 —5¢)z; <z < (1 — €)z, this deceleration is large and
is basically controlled by the parameter . Progressively, as z
reduces towards the value (I — /ﬁe)zg, these last terms
become smaller, towards some values of order one, and
thus, these terms are comparable to the conventional ACDM
terms of (B16), (B17). Therefore, in the redshift interval
around z = (1 —ués)q, Wpg gets a positive, order one

31425+ (1 - Q- + 1)]\/1 =G+ Quo(l+2)° + (1 = Quo = (7 + DI FE

2 22
ryagHi

|

correction of the ACDM value —1. As we can see, for the
astrophysical and cosmological values encountered in our
model, the term with the unit 1 in the bracket of (B16) can
always be omitted and also the quantity &*(7 + 1) in the
denominator of (B17) is only significant for z ~ (1 — €)z.

a,

Finally, for z =0 we get Has

=1 —%Qmo —2ﬂ85, WDE,0 =
-1 +3(]4f7§”w>. Depending on the numerical value of the
quantity &>, the values d, wpg, coincide or not with the
ACDM ones. Of course, in order to have acceleration today;, it

5

should be 3(141‘75”[0) < 1. Therefore, from the beginning of the
AS effect, the functions é(z), wpg(z) evolve inanon-ACDM
way up to z~ (1 —,uée)zg or up to z =0, while on the
contrary, as seen above, the functions H(z), Q(z) have
already passed into the ACDM behavior for z < (1 — 5¢)z.
This peculiar phenomenon is due to the presence of the
higher time derivatives contained in the acceleration, which
can lead to significant contribution from terms which are
negligible in H, Q,,. For the most interesting case with { ~ 1,
the current values of dy, wpgo are the same with the
ACDM ones, which means that after passing the era with
z ~ (1 — pse)z, the model reduces to ACDM. Therefore, the
behavior in the evolution of the model around the passage
from deceleration to acceleration differs from the ACDM
one and could in principle be discerned using precise
observational data. However, this is not the case since it is
/ﬁe = ;4‘31 < 1 for the numerical values of the astrophysical
and cosmological quantities we are interested in. Only in the
case that the quantity v is (B14) is substantially enlarged,
which is not predicted by the theory, could y be reduced
essentially. Therefore, the previous eras of deviation from
ACDM cannot be observed and the model is practically
identical to ACDM in all the range of its validity. For
1 < ¢ < 1022, itis still ufe = {u~% < 1, which means that
the model is indistinguishable from ACDM, beyond the fact
that z, is already unphysically small. Finally, for { ~ 102,
which means & ~ 1073, it is y.%s = g“/f% ~ 1. Therefore, in
this case, the current value of wpg is different from —1, and
the model is always different from ACDM. However, the
model in this case is meaningless since z; in extraordinarily
small. As a result, we can summarize saying that in the
physically meaningful case with { ~ 1, the acceleration
properties of the model cannot be discerned from ACDM.

123542-28



SOLUTION OF THE DARK ENERGY AND ITS ...

PHYS. REV. D 97, 123542 (2018)

[1] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989).

[2] V. Sahni and A. A. Starobinsky, Int. J. Mod. Phys. D 9, 373
(2000); S. M. Carroll, Living Rev. Relativity 4, 1 (2001);
T. Padmanabhan, Phys. Rep. 380, 235 (2003); S. Nojiri and
S. D. Odintsov, eConf C 0602061, 06 (2006); Int. J. Geom.
Methods Mod. Phys. 04, 115 (2007); M. Li, X.D. Li, S.
Wang, and Y. Wang, Commun. Theor. Phys. 56, 525 (2011);
J. Martin, C.R. Phys. 13, 566 (2012).

[3] P.J.E. Peebles and B. Ratra, Rev. Mod. Phys. 75, 559
(2003); E. J. Copeland, M. Sami, and S. Tsujikawa, Int. J.
Mod. Phys. D 15, 1753 (2006).

[4] J. Sola, J. Phys. Conf. Ser. 453, 012015 (2013).

[5] A. G. Riess et al. (Supernova Search Team), Astron. J. 116,
1009 (1998).

[6] S. Perlmutter et al. (Supernova Cosmology Project Col-
laboration), Astrophys. J. 517, 565 (1999).

[7] R. A. Knop et al. (Supernova Cosmology Project Collabo-
ration), Astrophys. J. 598, 102 (2003); A.G. Riess et al.
(Supernova Search Team), Astrophys. J. 607, 665 (2004).

[8] D.N. Spergel et al. (WMAP Collaboration), Astrophys. J.
Suppl. Ser. 170, 377 (2007).

[9] E. Komatsu et al. (WMAP Collaboration), Astrophys. J.
Suppl. Ser. 192, 18 (2011).

[10] P.A.R. Ade et al. (Planck Collaboration), Astron. As-
trophys. 571, A16 (2014).

[11] D. Huterer and M. S. Turner, Phys. Rev. D 60, 081301
(1999).

[12] M. Niedermaier and M. Reuter, Living Rev. Relativity 9, 5
(2006); R. Percacci, in Approaches to Quantum Gravity,
edited by D. Oriti (Cambridge University Press, Cambridge,
England, 2009), p. 111; O. Lauscher and M. Reuter, in
Quantum Gravity: Mathematical Models and Experimental
Bounds, edited by B. Fauser et al. (Birkhauser, Basel, 2007),
p- 293; M. Reuter and F. Saueressig, New J. Phys. 14,
055022 (2012); A. Bonanno, Proc. Sci. CLAQGO08 (2011)
008, arXiv:0911.2727; M. Niedermaier, Classical Quantum
Gravity 24, R171 (2007).

[13] A. Einstein and E. G. Strauss, Ann. Math. 47, 731 (1946).

[14] I. Dymnikova, Classical Quantum Gravity 19, 725 (2002).

[15] S. A. Hayward, Phys. Rev. Lett. 96, 031103 (2006); T.
De Lorenzo, C. Pacilio, C. Rovelli, and S. Speziale, Gen.
Relativ. Gravit. 47, 41 (2015).

[16] E.B. Kiritsis and G. Kofinas, J. High Energy Phys. 01
(2010) 122; J.Z. Tang and B. Chen, Phys. Rev. D 81,
043515 (2010).

[17] E. Babichev and C. Charmousis, J. High Energy Phys. 08
(2014) 106; C. Bambi, D. Malafarina, and L. Modesto,
Phys. Rev. D 88, 044009 (2013).

[18] D.C. Rodrigues, B. Chauvineau, and O. F. Piattella, J. Cos-
mol. Astropart. Phys. 09 (2015) 009.

[19] G.E R. Ellis and W. Stoeger, Classical Quantum Gravity 4,
1697 (1987); S. R. Green and R. M. Wald, Phys. Rev. D 83,
084020 (2011); T. Buchert, M. J. France, and F. Steiner,
Classical Quantum Gravity 34, 094002 (2017); T. Buchert,
A. A. Coley, H. Kleinert, B. F. Roukema, and D. L. Wiltshire,
Int. J. Mod. Phys. D 25, 1630007 (2016).

[20] S.M. Koksbang, Phys. Rev. D 95, 063532 (2017); K.
Bolejko and M. N. Celerier, Phys. Rev. D 82, 103510
(2010); P. Mishra, M. N. Celerier, and T.P. Singh, Phys.
Rev. D 86, 083520 (2012); T. Biswas and A. Notari,

J. Cosmol. Astropart. Phys. 06 (2008) 021; V. Marra,
E. W. Kolb, and S. Matarrese, Phys. Rev. D 77, 023003
(2008).

[21] S.Rasanen, EAS Publ. Ser. 36, 63 (2009); arXiv:1012.0784;
R. A. Sussman, Classical Quantum Gravity 28, 235002
(2011); M. Lavinto, S. Rasanen, and S. J. Szybka, J. Cosmol.
Astropart. Phys. 12 (2013) 051.

[22] G. Kofinas and V. Zarikas, Eur. Phys. J. C 73, 2379 (2013).

[23] W. Israel, Nuovo Cimento B 44S10, 1 (1966); 44, 1 (1966);
48, 463(E) (1967); G. Darmois, Mémorial des Sciences
Mathématiques, Fascicule XXV (Gauthier-Villars, Paris,
1927), Chap. V.

[24] C. Wetterich, Astron. Astrophys. 301, 321 (1995); L.
Amendola, Phys. Rev. D 60, 043501 (1999); L.P.
Chimento, A.S. Jakubi, D. Pavon, and W. Zimdahl, Phys.
Rev. D 67, 083513 (2003).

[25] G. Kofinas, G. Panotopoulos, and T. N. Tomaras, J. High
Energy Phys. 01 (2006) 107.

[26] P. A.R. Ade et al. (Planck Collaboration), Astron. As-
trophys. 594, A13 (2016).

[27] R. Torres, Phys. Lett. B 733, 21 (2014).

[28] B. Koch and F. Saueressig, Int. J. Mod. Phys. A 29, 1430011
(2014).

[29] A.Bonanno and M. Reuter, Phys. Rev. D 65, 043508 (2002).

[30] S. Bhattacharya and A. Lahiri, Eur. Phys. J. C 73, 2673
(2013).

[31] M. Reuter and F. Saueressig, Phys. Rev. D 65, 065016
(2002).

[32] A.Bonanno and M. Reuter, Phys. Lett. B 527, 9 (2002); Int. J.
Mod. Phys. D 13, 107 (2004); E. Bentivegna, A. Bonanno,
and M. Reuter, J. Cosmol. Astropart. Phys. 01 (2004) 001;
I. Donkin and J. M. Pawlowski, arXiv:1203.4207.

[33] M. Reuter and H. Weyer, Gen. Relativ. Gravit. 41, 983
(2009); Phys. Rev. D 79, 105005 (2009); P. F. Machado and
R. Percacci, Phys. Rev. D 80, 024020 (2009); E. Manrique
and M. Reuter, Proc. Sci. CLAQGOS8 (2011) 001.

[34] M. Reuter and H. Weyer, J. Cosmol. Astropart. Phys. 12
(2004) 001; Phys. Rev. D 70, 124028 (2004).

[35] G. Esposito, C. Rubano, and P. Scudellaro, Classical
Quantum Gravity 24, 6255 (2007).

[36] F. Anagnostopoulos, S. Basilakos, G. Kofinas, and V.
Zarikas (to be published).

[37] F. Nesti and P. Salucci, J. Cosmol. Astropart. Phys. 07
(2013) 016.

[38] S. Weinberg, Proc. Sci. CD09 (2009) 001 [arXiv:0908.1964].

[39] M. Reuter, Phys. Rev. D 57, 971 (1998).

[40] M. Niedermaier and M. Reuter, Living Rev. Relativity 9, 5
(2006).

[41] A. Codello, R. Percacci, and C. Rahmede, Ann. Phys. (N.Y.)
324, 414 (2009).

[42] D.F. Litim, Phil. Trans. R. Soc. A 369, 2759 (2011).

[43] R. Percacci, arXiv:1110.6389.

[44] M. Reuter and F. Saueressig, New J. Phys. 14, 055022
(2012).

[45] M. Reuter and F. Saueressig, Lect. Notes Phys. 863, 185
(2013).

[46] D. Benedetti, K. Groh, P. F. Machado, and F. Saueressig,
J. High Energy Phys. 06 (2011) 079.

[47] M. Reuter and F. Saueressig, J. Cosmol. Astropart. Phys. 09
(2005) 012.

123542-29


https://doi.org/10.1103/RevModPhys.61.1
https://doi.org/10.1142/S0218271800000542
https://doi.org/10.1142/S0218271800000542
https://doi.org/10.12942/lrr-2001-1
https://doi.org/10.1016/S0370-1573(03)00120-0
https://doi.org/10.1142/S0219887807001928
https://doi.org/10.1142/S0219887807001928
https://doi.org/10.1088/0253-6102/56/3/24
https://doi.org/10.1016/j.crhy.2012.04.008
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1142/S021827180600942X
https://doi.org/10.1142/S021827180600942X
https://doi.org/10.1088/1742-6596/453/1/012015
https://doi.org/10.1086/300499
https://doi.org/10.1086/300499
https://doi.org/10.1086/307221
https://doi.org/10.1086/378560
https://doi.org/10.1086/383612
https://doi.org/10.1086/513700
https://doi.org/10.1086/513700
https://doi.org/10.1088/0067-0049/192/2/18
https://doi.org/10.1088/0067-0049/192/2/18
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1103/PhysRevD.60.081301
https://doi.org/10.1103/PhysRevD.60.081301
https://doi.org/10.12942/lrr-2006-5
https://doi.org/10.12942/lrr-2006-5
https://doi.org/10.1088/1367-2630/14/5/055022
https://doi.org/10.1088/1367-2630/14/5/055022
http://arXiv.org/abs/0911.2727
https://doi.org/10.1088/0264-9381/24/18/R01
https://doi.org/10.1088/0264-9381/24/18/R01
https://doi.org/10.2307/1969231
https://doi.org/10.1088/0264-9381/19/4/306
https://doi.org/10.1103/PhysRevLett.96.031103
https://doi.org/10.1007/s10714-015-1882-8
https://doi.org/10.1007/s10714-015-1882-8
https://doi.org/10.1007/JHEP01(2010)122
https://doi.org/10.1007/JHEP01(2010)122
https://doi.org/10.1103/PhysRevD.81.043515
https://doi.org/10.1103/PhysRevD.81.043515
https://doi.org/10.1007/JHEP08(2014)106
https://doi.org/10.1007/JHEP08(2014)106
https://doi.org/10.1103/PhysRevD.88.044009
https://doi.org/10.1088/1475-7516/2015/09/009
https://doi.org/10.1088/1475-7516/2015/09/009
https://doi.org/10.1088/0264-9381/4/6/025
https://doi.org/10.1088/0264-9381/4/6/025
https://doi.org/10.1103/PhysRevD.83.084020
https://doi.org/10.1103/PhysRevD.83.084020
https://doi.org/10.1088/1361-6382/aa5ce2
https://doi.org/10.1142/S021827181630007X
https://doi.org/10.1103/PhysRevD.95.063532
https://doi.org/10.1103/PhysRevD.82.103510
https://doi.org/10.1103/PhysRevD.82.103510
https://doi.org/10.1103/PhysRevD.86.083520
https://doi.org/10.1103/PhysRevD.86.083520
https://doi.org/10.1088/1475-7516/2008/06/021
https://doi.org/10.1103/PhysRevD.77.023003
https://doi.org/10.1103/PhysRevD.77.023003
https://doi.org/10.1051/eas/0936008
http://arXiv.org/abs/1012.0784
https://doi.org/10.1088/0264-9381/28/23/235002
https://doi.org/10.1088/0264-9381/28/23/235002
https://doi.org/10.1088/1475-7516/2013/12/051
https://doi.org/10.1088/1475-7516/2013/12/051
https://doi.org/10.1140/epjc/s10052-013-2379-9
https://doi.org/10.1007/BF02710419
https://doi.org/
https://doi.org/10.1103/PhysRevD.60.043501
https://doi.org/10.1103/PhysRevD.67.083513
https://doi.org/10.1103/PhysRevD.67.083513
https://doi.org/10.1088/1126-6708/2006/01/107
https://doi.org/10.1088/1126-6708/2006/01/107
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1016/j.physletb.2014.04.010
https://doi.org/10.1142/S0217751X14300117
https://doi.org/10.1142/S0217751X14300117
https://doi.org/10.1103/PhysRevD.65.043508
https://doi.org/10.1140/epjc/s10052-013-2673-6
https://doi.org/10.1140/epjc/s10052-013-2673-6
https://doi.org/10.1103/PhysRevD.65.065016
https://doi.org/10.1103/PhysRevD.65.065016
https://doi.org/10.1016/S0370-2693(01)01522-2
https://doi.org/10.1142/S0218271804003809
https://doi.org/10.1142/S0218271804003809
https://doi.org/10.1088/1475-7516/2004/01/001
http://arXiv.org/abs/1203.4207
https://doi.org/10.1007/s10714-008-0744-z
https://doi.org/10.1007/s10714-008-0744-z
https://doi.org/10.1103/PhysRevD.79.105005
https://doi.org/10.1103/PhysRevD.80.024020
https://doi.org/10.1088/1475-7516/2004/12/001
https://doi.org/10.1088/1475-7516/2004/12/001
https://doi.org/10.1103/PhysRevD.70.124028
https://doi.org/10.1088/0264-9381/24/24/008
https://doi.org/10.1088/0264-9381/24/24/008
https://doi.org/10.1088/1475-7516/2013/07/016
https://doi.org/10.1088/1475-7516/2013/07/016
http://arXiv.org/abs/0908.1964
https://doi.org/10.1103/PhysRevD.57.971
https://doi.org/10.12942/lrr-2006-5
https://doi.org/10.12942/lrr-2006-5
https://doi.org/10.1016/j.aop.2008.08.008
https://doi.org/10.1016/j.aop.2008.08.008
https://doi.org/10.1098/rsta.2011.0103
http://arXiv.org/abs/1110.6389
https://doi.org/10.1088/1367-2630/14/5/055022
https://doi.org/10.1088/1367-2630/14/5/055022
https://doi.org/10.1007/978-3-642-33036-0
https://doi.org/10.1007/978-3-642-33036-0
https://doi.org/10.1007/JHEP06(2011)079
https://doi.org/10.1088/1475-7516/2005/09/012
https://doi.org/10.1088/1475-7516/2005/09/012

GEORGIOS KOFINAS and VASILIOS ZARIKAS

PHYS. REV. D 97, 123542 (2018)

[48] S. Weinberg, Phys. Rev. D 81, 083535 (2010).

[49] B. Koch and I. Ramirez, Classical Quantum Gravity 28,
055008 (2011).

[50] R. Casadio, S. D. H. Hsu, and B. Mirza, Phys. Lett. B 695,
317 (2011).

[51] A. Bonanno, A. Contillo, and R. Percacci, Classical
Quantum Gravity 28, 145026 (2011).

[52] M. Hindmarsh, D. Litim, and C. Rahmede, J. Cosmol.
Astropart. Phys. 07 (2011) 019.

[53] A. Bonanno and S. Carloni, New J. Phys. 14, 025008
(2012).

[54] C. Ahn, C.Kim,and E. V. Linder, Phys. Lett. B 704, 10 (2011).

[55] Y. F. Caiand D. A. Easson, Phys. Rev. D 84, 103502 (2011).

[56] C. Fang and Q. G. Huang, Eur. Phys. J. C 73, 2401 (2013).

[57] A.Bonanno and M. Reuter, Phys. Rev. D 87, 084019 (2013).

[58] A. Kaya, Phys. Rev. D 87, 123501 (2013).

[59] D. Becker and M. Reuter, J. High Energy Phys. 12 (2014)
025.

[60] Z.Z. Xianyu and H.J. He, J. Cosmol. Astropart. Phys. 10
(2014) 083.

[61] N.G. Nielsen, F. Sannino, and O. Svendsen, Phys. Rev. D
91, 103521 (2015).

[62] A.Bonanno and A. Platania, Phys. Lett. B 750, 638 (2015).

[63] A. V. Frolov and J. Q. Guo, arXiv:1101.4995.

[64] M. Hindmarsh and I. D. Saltas, Phys. Rev. D 86, 064029
(2012).

[65] E.J. Copeland, C. Rahmede, and I. D. Saltas, Phys. Rev. D
91, 103530 (2015).

[66] S.-H.H. Tye and J. Xu, Phys. Rev. D 82, 127302 (2010);
B.F.L. Ward, Proc. Sci. ICHEP2010 (2010) 477 [arXiv:
1012.2680]; R. J. Yang, Eur. Phys. J. C 72, 1948 (2012).

[67] A.Bonanno and M. Reuter, J. Phys. Conf. Ser. 140, 012008
(2008).

[68] M. Reuter and H. Weyer, Phys. Rev. D 69, 104022 (2004).

[69] G. Kofinas and V. Zarikas, J. Cosmol. Astropart. Phys. 10
(2015) 069.

[70] A. Bonanno and M. Reuter, J. Cosmol. Astropart. Phys. 08
(2007) 024.

[71] G. Kofinas and V. Zarikas, Phys. Rev. D 94, 103514 (2016).

[72] A.Bonanno, S. J. Gabriele Gionti, and A. Platania, Classical
Quantum Gravity 35, 065004 (2018).

[73] B. Guberina, R. Horvat, and H. Stefancic, Phys. Rev. D 67,
083001 (2003).

[74] F. Bauer, Classical Quantum Gravity 22, 3533 (2005).

123542-30


https://doi.org/10.1103/PhysRevD.81.083535
https://doi.org/10.1088/0264-9381/28/5/055008
https://doi.org/10.1088/0264-9381/28/5/055008
https://doi.org/10.1016/j.physletb.2010.10.060
https://doi.org/10.1016/j.physletb.2010.10.060
https://doi.org/10.1088/0264-9381/28/14/145026
https://doi.org/10.1088/0264-9381/28/14/145026
https://doi.org/10.1088/1475-7516/2011/07/019
https://doi.org/10.1088/1475-7516/2011/07/019
https://doi.org/10.1088/1367-2630/14/2/025008
https://doi.org/10.1088/1367-2630/14/2/025008
https://doi.org/10.1016/j.physletb.2011.08.075
https://doi.org/10.1103/PhysRevD.84.103502
https://doi.org/10.1140/epjc/s10052-013-2401-2
https://doi.org/10.1103/PhysRevD.87.084019
https://doi.org/10.1103/PhysRevD.87.123501
https://doi.org/10.1007/JHEP12(2014)025
https://doi.org/10.1007/JHEP12(2014)025
https://doi.org/10.1088/1475-7516/2014/10/083
https://doi.org/10.1088/1475-7516/2014/10/083
https://doi.org/10.1103/PhysRevD.91.103521
https://doi.org/10.1103/PhysRevD.91.103521
https://doi.org/10.1016/j.physletb.2015.10.005
http://arXiv.org/abs/1101.4995
https://doi.org/10.1103/PhysRevD.86.064029
https://doi.org/10.1103/PhysRevD.86.064029
https://doi.org/10.1103/PhysRevD.91.103530
https://doi.org/10.1103/PhysRevD.91.103530
https://doi.org/10.1103/PhysRevD.82.127302
http://arXiv.org/abs/1012.2680
http://arXiv.org/abs/1012.2680
https://doi.org/10.1140/epjc/s10052-012-1948-7
https://doi.org/10.1088/1742-6596/140/1/012008
https://doi.org/10.1088/1742-6596/140/1/012008
https://doi.org/10.1103/PhysRevD.69.104022
https://doi.org/10.1088/1475-7516/2015/10/069
https://doi.org/10.1088/1475-7516/2015/10/069
https://doi.org/10.1088/1475-7516/2007/08/024
https://doi.org/10.1088/1475-7516/2007/08/024
https://doi.org/10.1103/PhysRevD.94.103514
https://doi.org/10.1088/1361-6382/aaa535
https://doi.org/10.1088/1361-6382/aaa535
https://doi.org/10.1103/PhysRevD.67.083001
https://doi.org/10.1103/PhysRevD.67.083001
https://doi.org/10.1088/0264-9381/22/17/012

