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A convincing explanation for the nature of the dark energy and dark matter is still missing. In recent works a
RG-improved swiss-cheese cosmology with an evolving cosmological constant dependent on the Schiicking
radius has been proven to be a promising model to explain the observed cosmic acceleration. In this work we
extend this model to consider the combined scaling of the Newton constant G and the cosmological constant A
according to the IR-fixed point hypothesis. We shall show that our model easily generates the observed recent
passage from deceleration to acceleration without need of extra energy scales, exotic fields or fine-tuning. In
order to check the generality of the concept, two different scaling relations have been analyzed and we proved
that both are in very good agreement with ACDM cosmology while one of them has no fine-tuning problem.

We also show that our model satisfies the observational local constraints on G/ G.
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I. INTRODUCTION

Although the ACDM scenario reproduces rather well a
large amount of observational data, it is important to stress
that its two main ingredients, dark matter (DM) [1] and dark
energy (DE) [2], do not have a direct physical explanation.
In particular, the observed accelerated expansion of the
Universe is caused by the DE component, a mechanism
which introduces new difficulties in terms of fine-tuning or
cosmic coincidences [3] for the presence of a significant
vacuum energy (cosmological constant).

For this reason the possibility that the cosmological
constant is dynamically generated as a low-energy quantum
effect has been recently investigated by various authors [4,5].
In particular in [6] a cosmology with a time dependent
cosmological constant and Newton constant whose dynam-
ics arises from an underlying renormalization group flow
near an infrared attractive fixed point has been proposed for
the first time. Its phenomenological implications have been
discussed in [7] and further developed in [8].

T .
fotis-anagnostopoulos @hotmail.com
“alfio.bonanno @inaf.it
*ayan.mitra@nu.edu.kz
Syzarikas@uth.gr

2470-0010/2022/105(8)/083532(12)

083532-1

The IR-fixed point hypothesis originates from the asymp-
totically safe (AS) scenario for quantum gravity [9,10].
According to AS a consistent quantum theory of gravity can
be realized nonperturbatively by defining the theory around a
non-Gaussian fixed point for the dimensionless Newton’s
constant [11-19]. In fact this mechanism is not qualitatively
different from what occurs in the nonlinear ¢ model in
d = 3: here too, although the theory is not perturbatively
renormalizable, a continuum limit at nonvanishing value of
the coupling constant can be defined beyond perturbation
theory [20,21].

Assuming that the relevant scale of energy or momen-
tum scales with the distance as the coarse-graining,
“resolution” scale of the renormalization group, the spatial
or temporal evolution of the Newton’s constant and
cosmological constant is dictated by the renomalization
group flow [19]. The possibility of explaining DM in
spiral galaxies as an infrared effect of the running of G has
been discussed in [22,23], while complete cosmological
histories based on RG trajectories emanating from the UV
fixed point up to the IR regime have been discussed in
[24,25]. Nonsingular cosmological models have appeared
in [26,27] and a mathematical formalism to couple the RG
evolution to the Einstein equations have been discussed
in [28,29].

© 2022 American Physical Society
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In [30] a further step in the direction of explaining the DE
content in the Universe with a running cosmological constant
has been proposed. The basic idea is to consider the
contribution of an homogeneous distribution of antigravity
sources associated with the matter content at galactic and
cluster scale. A swiss-cheese cosmology represents an
elegant mathematical framework to implement this idea
which has been elaborated also in [31-33]. In this work we
would like to extend the original RG-improved swiss-cheese
model to include the running of the Newton’s constant
according to the IR-fixed point mechanism. In this case, the
scaling behavior of G and A is determined by the simple law

(1.1)

in the k£ — O limit. This behavior could be the result of a
“tree-level” renormalization induced by a nonzero positive
cosmological constant in the IR, according to the singular
behavior of the f functions in the IR [34-36]. The aim of this
study is to further elaborate the IR-fixed point scaling within
the swiss-cheese cosmology. In particular it will be shown
that it is possible to consistently describe a phase of
accelerated expansion of the universe without the introduc-
tion of a DE component.

The structure of this paper is the following: in Sec. II the
mathematical structure of the swiss-cheese idea and the
basic equations will be derived. In Sec. III the IR fixed
point hypothesis and the RG evolution will be presented as
a function of the Schiicking radius and of the matter
density. In Sec. IV the numerical results are discussed
and finally, Sec. V is devoted to the conclusions.

Gie=G(k)~g./k,  A=AKk)~ ALK

II. SWISS-CHEESE COSMOLOGICAL MODEL

The original FEinstein-Strauss model or otherwise
called swiss-cheese model [37] describes many homo-
geneously distributed black holes smoothly matched
within a cosmological metric. The key idea is to match
a Schwarzshild spherical vacuole in a homogeneous
isotropic cosmological spacetime. The analysis finally
generates a dust Friedman-Robertson-Walker cosmology
assuming many Schwarzschild black holes as the matter
content.

It is also possible to show that respecting the Israel-
Darmois matching conditions [38] a homogeneous
and isotropic cosmological metric with a de Sitter—
Schwarzschild-like metric can be successfully matched
across a spherical 3-surface X which is at fixed coordinate
radius of the cosmology metric frame (see also [39]).
However, the radius of the surface in the black hole (BH)
frame is time evolving. The matching requires the first
fundamental form, intrinsic metric, and second fundamen-
tal form (extrinsic curvature), calculated in terms of the
coordinates on X, to be equal (opposite for the second
fundamental form) on both sides of the surface [40,41].

A homogeneous isotropic cosmological metric can be
written in spherical coordinates as

ds* =—dt* +a*(1t)[r*(d6 +sin* 0dp?) + (1 —xr?)~1dr?],
(2.1)

where a(t) is the scale factor and k = 0, %1 is the spatial
curvature constant.

The junction conditions [38] allow us to use different
coordinate systems on both sides of the hypersurface.
Thus, the cosmology exterior metric (2.1) can be joined
smoothly to the following quantum-modified Schwarzschild
metric [42]

ds® = —F(R)dT?* + R*(d6? + sin® 0d¢?) + F(R)™'dR?,
(2.2)

where F(R) is defined by

2GM  AR?

F(R)=1-"7 ;

(2.3)

Note that now the Newton constant and the cosmological
constants are not constants but functions of one characteristic
length scale ~1/k. Both will be functions of R as we shall
explain later. The first fundamental form is the metric on
induced by the spacetime in which it is embedded. This may
be written as

x'—x/,

YVap = gijW P (2-4)

where u® = (u! = u,u*> =v,u’ =w) is the coordinate

system on the hypersurface. Greek indices run over
1,...,3, while Latin indices over 1,...,4. The second
fundamental form [38] is defined by

3

.0 . 0 . A
Kaﬁ = ni;j%x’wxf = (Fpijl’lp - n,-yj)wx’mx],

(2.5)

where n, is a unit normal to X and I'?;; are the Christoffel
symbols. We use subscripts F' and S to denote quantities
associated with the Friedman-Lemaitre-Robertson-Walker
(FLRW) and modified Schwarzschild metrics, respec-
tively [41].

Let us consider a spherical hypersurface X given by the
function fr(x%) = r — ry = 0, where ry is a constant. This
hypersurface in the FLRW frame can be parametrized by
xe = (t=u,0 =v,¢ =w,r = rg), while the parametriza-
tion in the BH frame is x{= (T =Tg(u),0=v,
¢ =w,R = Rg(u)). The fact that we model R = Rg(u)
implies that the hypersurface ¥ may not remain in constant
BH radial distance as the universe expands. This radial
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distance is also called Schiicking radius. The successful
matching will prove that this choice of the matching surface
was the appropriate thing to do for successful modeling of
the junction. From now on wherever in this section we write
T and R we mean T ¢ and Rg, respectively. The first Darmois
condition ygqs = Ysep gives

-1 =-F(R) (%)2 + F(R)™! (Z—i)z, (2.6)

and

a*ri = R?, (2.7)
where, as we have explained, R = Rg. The last equation (2.7)
is an important one and describes that the matching takes
place in the hypersurface X where the BH radial distance is
the time dependent Schiicking radius Rg and the cosmo-
logical coordinate distance is the constant r = ry.

The second Darmois condition requires to estimate the
two second fundamental forms. First the normal vector, n;,
to the spherical hypersurface X has to be evaluated. If X is
given by the function f[x*(u®)] =0, then n; can be
calculated from

I’li = = f’l ) (2'8)
NS o bl
where “, " denotes 62,-.

The (outward pointing) unit normal in the FLRW frame
can be calculated from Eq. (2.8) and fr(x%) = r—rs = 0.
The result is

0.0.0 a \'2
AT ey )

Note, that the unit normal is spacelike, i.e., nkng = +1.
Since the equation of the matching surface fp(x%) is
unknown in the Schwarzschild frame the normal vector
n’S cannot be calculated directly from Eq. (2.8). A condition
for ni can be derived from the partial differentiation of
xi(u®) with respect to u® which generates a tangential
vector to the hypersurface Z.

(2.9)

a i
ns,-ﬁ —0, (2.10)

From (2.10) one obtains ng, = ng3 = 0 and

dT dR
ng ——I—n54— =0.

2.11
du du ( )

Furthermore, n must satisfy the identity

(2.12)

nisnS,- = n}nF,- =1.
Then (2.12) gives

~(F(R))'nsi*> + F(R)ngy* = 1. (2.13)
Now using Eqgs. (2.6), (2.13), and (2.11) it is possible to
evaluate ng; as a function of u®:

dR daTr
;= —,0,0,£—).
isi (ZF du du)

(2.14)

The second fundamental form can be easily calculated in
the FLRW frame due to the simple form of nj;, Eq. (2.9).
Thus from (2.5) we get

D, Oy Ox’ Oxy
Krep = Ui rs Gy s ~ "o g g 215
However, gf} = g:f =0, and
Oxi; Ox)  Oxl Oxy.
— = = 5L 2.16
ou® ou?  Ou®* Ou “p ( )
so the second fundamental form becomes
Krop = nF41—¢[‘~“aﬁ7
1 )
=73 |graa] g} (GFaip + 9Fpia = IFap.i)s
1
=5 |9F44]" > GF GFap.as (2.17)
and finally
1 a? -1/2
Krop = ) <1—41<r2) JFap4- (2.18)

From Eq. (2.18) it is obvious that the only nonzero
components of Kp,; are Kpy, and Kp33

The estimation of the second fundamental form of X in the
Schwarzschild frame is more complicated. First we have to
calculate ng; as a function of x. If we once more differ-
entiate Eq. (2.10) with respect to u* then it follows that

A Ox D

S g o~ S owad 1)

which, with the help of the definition equation (2.5), gives

2.
0°x§

i J
Koo = ? Ox Oxg

550 D o "5 g *20)

Using Eq. (2.20), we find that Kg,3 = 0, V a # f. This is
true since the second derivative is zero for a # f and
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the first term of Eq. (2.20) also is zero for a # f due to the
specific Christoffel symbols.

The second Darmois matching condition K, = Kpyp
on X, provides the following differential equations

dT\? dR\ 2
Kg =T ng (E) + Tgyunsy (%)

dT dR a1
1
+ 2l gyn5 dudn TSV
2
+ —=0=Kpy, 2.21
Ny A2 Fl11 ( )

since p can be either 1 or 4 for nonzero ng, and the only
relevant nonzero Christofell symbols F'Sij, r ‘;ij are only
Iy, Tl and all T, It is also

Ks» = Kp» < F§22n34 =arg\/1 —krk (2.22)
and
Kgi3 = Kp3z © Daggngy = argsin® 0y/1 —krg.  (2.23)
Now the relevant Christoffel symbols are I'f;, = 4=, T'¢,, =

Ford 1 4 _ 4 a2
=27 Usiy = 3 F(F'). Iy = —=RF . T'g33 = —sin” ORF,
is understood as derivative with respect

/o

where notation
to R.

Equations (2.22) and (2.23) being equivalent, we can use
either of them and Eq. (2.7) to obtain

dr 1 —«ri
E ::F —1 _ ZGkM _ Ak_RZ . (224)
R 3

It then follows from Eq. (2.6) that

(dR)2 _2GM AR,

a . 2.25
du R 3 E (2.25)

Now differentiating Eqgs. (2.24) and (2.25) with respect to
u, we get the following expressions

T oA AR
2 z
du dR
2GM 1 “24R
1- —SARE) = 2.26
X< R 3% ) du (2.26)
and
2R 1d(E2M +IAR?
R 1T T3 MR (2.27)

du* 2 dR

With Egs. (2.24)-(2.27), Eq. (2.21) is now identically
satisfied. Thus, both the first and second fundamental forms
are continuous on X.

Note that the cosmic evolution through the swiss cheese
is determined by the cosmic evolution of the matching
surface that is happening at spherical radius, in the black
hole frame, Ry (and constant ry for cosmic frame). This
quantity enters the differential equations.

Finally, the matching requirements provide the following
equations that are relevant for the cosmological evolution.
From this point and to the rest of the paper we use again
separately the symbol R for the BH radial distance and the
symbol Rg for the Schiicking radius,

R¢ = ars, 2.28
s (2.28)
dRy\ 2 2G,(R)M 1
(d—ts) =1—xr— (1 —%—gl\k(&g)@),
(2.29)
&Ry _ d(PGRM L 1AL (R)R?) 230
drr dR ' (2.30)
Ry

The matching radius ry can be also understood as the
boundary of the volume of the interior solid with energy
density equal to the cosmic matter density p. Thus, the
interior energy content should equal the mass M of the
astrophysical object, i.e.,

1 (2GNM>%
rs = — ,
> ap QmOH%

. . _ 8aGyp __ 2GyM
with density parameter €2,, = 3 RdH

(2.31)

and q set to be

1 for the rest of the analysis.

A rather important information in the context of the
aforementioned approach is the exact physical element of
our model, galaxies, clusters of galaxies or even super-
clusters. In order to answer this, we should look at the
physical interpretation of the Schiicking radius, ry, and its
relation with measurable scales of the above astrophysical
objects. For Milky Way (M ~4 x 10'" M) with typ-
ical values of cosmological parameters (€, ~ 0.3,
Hy ~ 67 km/Mpc/s, [43]) using Eq. (2.31) we have ry ~
1.4 Mpc where the astrophysical radius is R,; ~ 0.15 Mpc.
Similarly, for the Local Group M, s ~ (7-20) - 10'! we
find ry ~2.34 Mpc and the astrophysical radius is
R, ~ 1.53 Mpc. Lastly, for the case of our local super-
cluster, VIRGO (Mygc ~ 105 M) itis R, ~ 30.67 Mpc
and ry ~ 4 Mpc. We observe that only in the scale of galaxy
clusters it is rs /R, of order O(1), thus thereafter we will
consider galaxy clusters as the elementary entities of
the model.
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Equations (2.28), (2.29), (2.30) for constants G, and A;
reduce to the conventional FLRW expansion equations.
However, although these equations generate the standard
cosmological equations of the ACDM model, even in this
simple case the interpretation is different since the A term
appearing in the black hole metric [42] is like an average of
all antigravity sources inside the Schiicking radius of a galaxy
or cluster of galaxies. These antigravity sources one can claim
that may arise inside astrophysical black holes in the centers
of which the presence of a quantum repulsive pressure could
balance the attraction of gravity to avoid the not desired
singularity, or they arise due to IR quantum corrections of a
concrete quantum gravity theory. Furthermore, even for
constant G and A, the coincidence problem can be removed
if the antigravity sources, due to the local effective positive
cosmological constant, are related with the large scale
structure that appears recently. In our analysis, we allow
the running of G; and A, which is the most natural thing if
there are IR quantum gravity corrections.

III. IR FIXED POINT AND COSMIC
ACCELERATION

In this section the basic idea of the IR fixed point RG
scaling will be introduced and the cosmic evolution of this
model will be discussed.

A. The IR fixed point scaling

The presence of an IR instability in the RG flow for
G and A is deeply rooted in the structure of the fluctuations
determinant associated to the Einstein-Hilbert action

1 4
= — 2Ay). N
S = gag | @VAR 2. (D)

Let us consider a family of off shell spherically symmetric
contributions labeled by the radius ¢ in order to distinguish
the contributions from the two operators /g ¢* and
VIR ¢? to the Einstein-Hilbert flow [23]. It is possible
to decompose the fluctuating metric /,, to the sphere into
its irreducible pieces in terms of the corresponding spheri-
cal harmonics. In particular, in the transverse-traceless

(2)

sector the operator S, is given by

—g*V,V, + 872 + k* — 2, (3.2)
up to a positive constant. If the spectrum of the covariant
Laplacian —¢*V,V,, u is non-negative, a singularity devel-
ops at a finite k in the case of a positive cosmological
constant.

In a scalar field theory an identical mechanism is present
when the Hessian of the action vanishes in the broken
phase. In this case perturbation theory fails and the path
integral is dominated by nonhomogeneous configurations
[44] that produces a “tree-level” instability renormalization

already at level of the bare action [45]. In spite of the
complexity of the vacuum structure, the approach based on
functional flow equation is able to sum an infinite tower of
(irrelevant UV) operator and it reproduces the correct
flattening of the effective potential U(¢) in the broken
phase [46]. In this case, below the coexistence line, the
potential behaves as U(¢) « —k*>¢* and approaches a flat
bottom as k — 0 [47].

In gravity the situation is more difficult because of the
technical difficulties in solving the RG flow equation
beyond the Einstein-Hilbert truncation in the k — O limit
[48-50]. Based on the analogy with the scalar theory one
can imagine that a RG trajectory which realizes a tree-level
renormalization exists [51]. In particular one can write that
in the k — 0O limit the dimensionless Newton constant and
cosmological constant are attracted toward an IR fixed
point (g,,4,) according to the following trajectory

g(k) = 0« + h]kgl, l(k) = /1* —+ I’lzkgz, (33)
where (0,6, > 0) are two unknown critical exponents. In
terms of dimensionful quantities, we thus have

Gk = % + h k2 Ak = ALK+ bk 12 (3.4)

Here, k should be considered not as a momentum flowing
into a loop, but as an inverse of a characteristic distance, of
the physical system under consideration, over which the
averaging of the field variables is performed. It can then
be associated to the radial proper distance or the matter
density.

For the rest of the paper in order to study the late cosmic
evolution, we assume that the values of Newton constant
and cosmological constant at the astrophysical scales
will be those suggested in Eq. (3.4) ie., G, = G(k)r
and Ay = A(k)g-

In the first case we need to calculate the radial proper
distance and in particular the Schiicking proper radial
distance, D, (Rs), which can be found from

DP(RS) :AR.S If(R)’

(3.5)

where R;, is zero in our case or a very small value if AS
provides a nonsingular black hole center, see [52]. Then,
the derivative with respect to R is

D',(Rg) = (3.6)

F(Rs)
Next, from matching Eqgs. (2.28), (2.29), (2.30) we get
dRg\? |

dt )

— krz — F(Ry), (3.7)
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which gives

2G,(R)M 1

raa*=1-xrk—1+ R +§Ak(RS)R§ (3.8)
s
and
a? k  2G(Rs)M 1
—=——+—=5—+5A(Ry). 39
a2 a2 + a3r% + 3 ( S) ( )

B. Scaling using the cluster radial proper distance

Here the scaling we assume uses the proper distance

where
—ol%pe eyl (32
‘= g’ ! b rRa’ '
T
and
1 2 y-2 0,2 =2t
wzi[l*é D, + hy&7°Dy ]. (3.13)

One useful quantity for evaluating the dark energy is the

rate of change of the proper Schiicking distance D,. We
de o dDI, dt 1

: have ~2F = 2k = TN and thus
k=——. 3.10
D,(3) (3.10)
de i —ry 1 (3 14)
Using Eq. (3.9) we get dz (1+2)°VF’ .
6'1_2 n kl —rty (3.11) where z is the redshift z = —1 +% while the time deriva-
a’ at ' ’ tive is
|
. H
D, = — x4 — . (3.15)
V1= 2& D3+ m& 2Dy ") = L ars) (L&D + e D, ")
|
Thc? darl.< energy and dark matter part into the expansion Qpy = Pom 4 Qpp = PDE . nd Q= 2_K S (3.19)
equations is er Per a~Hj
. 3H?2
H2 + % — 877:GNPDM + 87[GNpDE , (3.16) Wlth pC}’ = SH.G(;V' . . .
a 3 3 The cosmic acceleration, using Eq. (2.30), is then

where the dark energy and dark matter density are given by

_ 3 [2Gwm
PDE = SITGN a3r% Vx|
3 2GyM

=c— : 3.17
Ppm 87TGN CZ3V% ( )

The cosmological definition of the dust matter refers to a
quality that evolves as ~a~>. In order to use the standard
cosmological parameter €,, so to easily compare our
models with the concordance one, we extract from the
“dark bulk” a portion that evolves as matter. Thus, the
remaining one is correctly labeled as dark energy. Following
the common parametrization the expansion can be written as

2

E2 ="
Hg

= QDM + QDE + QK, (318)

where

expressed as follows

284 L 1 5~ _8rGyP,

3.20
a a° a ( )

where the total pressure is the sum of cosmic fluid pressure
plus dark energy pressure P = p + ppg. In the case of dust
Universe p = 0, which is valid for small redshifts and since
H? +«/a*> = y + w we have

g

Finally, the dark energy coefficient of equation or state is
given by

PDE

In order to calculate the expansion of the Universe and
the time evolution of the Qpy, Qpg, the equation of state
parameter wpg and the deceleration parameter g = — Z—;’ we
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must solve numerically ordinary differential equation (ODEs) for the scale factor and the proper distance. The relevant
quantities as functions of the redshift are given below.
The derivative with respect to the redshift of the proper distance is

—l;” =- & : (3.23)
Z 9:Dp(2)? & 02 0342 | A2
2M(Z+1)( p +hy (_‘) 1 ) (hZ(D ) + ,2)
2 HE) ) D))
(z+1) \/— 5,2 - ey +1

This is one of the differential equations we have to solve together with the expansion rate ODE for the scale factor Eq. (3.18)

| 6\/§Mr2Dp 4(h (0, =2 67 0 _9g.
q(z) = y-! [6JMDP(Z)5 (hl (DL(ZDG —I—g*) N (2)*(ha( )(Dp(~)) gs)

z+1
263D, () (ha(555)" + ) N V3E (0, +2)(555)" + 21*)}
(z+1)° (z+ 1)* ’
where
v 2J(6MD (2)° (h < ¢ >61 )
= + N
P < 1 DP(Z) g
1D, () (i)™ +4)
5 > (3.24)
(z+1)
and
6M(z + 1)D,y(2)*(h (555)" + 9.) ézr%(hz(,f(z>)92 +4)
J=4|- 5 5 >— +3, (3.25)
&rs (z+1)°D,(z)
where the today Schiicking radius for a cluster of galaxies with mass M is
2GyM
re =3 (3.26)
YT HiQpuo
the dark energy and dark matter part evolution is
o Quo(z + 1 (5L 4 11 (555)" )
pE(2) = Gy
12(E) et + el
p(2) Dp(z) 3
-Q 1 3.27
+ 3H% mO(Z + ) ( )
Qpm(z) = Qpolz +1)°. (3.28)

The evolution of the dark energy coefficient is

wpg(z) = Vlry [\/5%54 (21* + hy(2 + 6,) <

—6\/§M(1+z)3<2g*—h( 2+9])< 5 )9]>Dp(z)4},
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where

V=3J(142)* [rgé“ (/1* + Iy <D,,§(z))g D,(z)/(1+2)’

—6GyMED ,(z)* +6M (g* +h (D,,(z))91>D”(Z)S]

PN

(3.29)
and
i RE + ha(pi)")
/= { (142D, (2)?
6M(1+3). thélz(DjZ))gl]Dp(Z)z} " (330)

C. Scaling using the cluster density profile

Here, in this subsection we use another scaling,
% 1/4
k=Epl*, (3.31)
where the density of the cluster p,; is

P
&+

a

Per = (3.32)

where f=1/2 and a=226kpc, and p.=5.37,x
10% M, kpc=3. The above density profile is of the type of
the standard Navarro-Frenk-White profile. The parameter o,
is the radius of the central cusp. This profile was used as a
typical example of cluster profile [53].

To proceed further we set R =D » and using the
matching equations we find that the derivative of the

proper distance is given now by

s
D,(z)/dz = — . (3.33)
p 2

The Qpy remains the same but the Qpg is given by

_2AM(z+1)* B

Q - —_Q 1 3’
DE H%F% 3H(2) mO(Z + )

(3.34)

where

A= — 9«
5 a DPT(Z)+1)5/2
0,2
Z pc
+h 4 3.35
] DP(Z)(DP(Z) + 1)5/2 ( )
and
0,42
B — h2 E\/Z pc
M(M + 1)5/2

Y Pe (3.36)

D_U(D_<)+ 1)5/2'

a a

Unfortunately, expressions for ¢(z) and a wpg(z) are
quite long and thus are not presented here for economy
of space.

IV. NUMERICAL RESULTS

In the following, we discuss the ability of our models
to reproduce known observable quantities. Specifically, we
check if there exist sets of free parameters that are able to
reproduce the observed Hubble evolution within the accept-
able range variation of the gravitational constant over time
and the recent passage to cosmic acceleration. The existence
of allowed range of parameters at the parameter space does
not guarantees the fitting quality of our models, however the
nonexistence implies the nonviability of our models. The full
assessment of viability for our models ought to be performed
using likelihood analysis and model selection methods on
cosmological datasets, such as Supernovae la [54-57],
baryonic accoustic oscillations [58] and direct measurements
of the Hubble rate, in the same fashion with [33], will be
presented in a forthcoming paper. This analysis is beyond the
scope of the current work.

In what follows, we explicitly assume x = 0, based upon
observational results, i.e., cosmic microwave background
(CMB) analysis [43]. In any case, even if the Universe is
not exactly flat, the contribution of € to the expansion is
negligible for recent redshifts like the ones that are relevant
in our context.

We have decided to explore the free parameters space
working with some simplified but reasonable assumptions.
One should take into account that the evolution of G, must
be smooth enough to comply with observational tests, i.e.,
solar system constraints [59,60] and astroseismology, [61].
A particular way to achieve this is to consider the first term in
Eq. (3.4) to be subdominant to the second, thus allowing
G(k) to remain almost constant and have little dependence
of k. In the same lines of reasoning, #; must be very close to
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Gy . Therefore in our numerical assessments we set h; = Gy
and assume that 8; must be close to 2. On the other hand, as
it has already been proven that a term proportional to k2,
generates successful phenomenology [31-33] we also
assume that 6, must be close to 0, and since both terms
are practically proportional to k>, we can choose 1, < 1. We
further simplify our search for a viable cosmological model
assuming
g <hiky, A < bk, (4.1)
where kpr is the astrophysical scale. There are still many
combinations of the remaining free parameters that can
provide the correct phenomenology. A particularly simple
way to find a subset of the parameter space that gives
reasonable behavior from the phenomenological viewpoint
is to ensure that
x(z220) ~y(z~0), (4.2)
which happens if we use as initial condition for the differ-
ential equation that provides the evolution of the proper
distance Dp(z), the value from the requirement to have as
H(z = 0) the current measured value of the Hubble rate. In
general, the initial value that one gets for the proper distance
in order to achieve the current value for H(0) or Qpg to be
the same as in the concordance model, could possibly give
an unnatural value for the proper distance. In contrast, we
obtain reasonable values that are of the same order and little
bit larger than the Schiicking radius of real astrophysical
objects (clusters of galaxies) which is the correct thing.
Furthermore, in order not to have new scales or fine-tuning
we always give values close to order of one O(1) for £ and
the dimensionless 7 which is related to h, from the

definition 7 = hZG]lv—(‘)zﬁ))/Z'

Note, that in general the values of £ an & are different as
Eq. (3.31) entails a very different scaling length. In the case
of the first scaling that is associated with the proper
distance and not the density, the natural length that appears
in the differential equations, is the length scale at the
matching surface. It is worth emphasizing at this point, that
using this proper distance matching length scale [with & of
O(1)], we get the correct amount of dark energy today after
a recent passage from deceleration to acceleration while at
the same time remarkably, this length scale is close to the
natural astrophysical cluster length a fact that makes the

swiss-cheese model an acceptable approximation. The
Schiicking matching radius is close to the astrophysical
cluster length. The fine-tuning problem is solved naturally
in the first scaling but remains for the second scaling. It is of
course not possible both scaling laws to solve the fine-
tuning since the length scale that is derived from the proper
distance at the matching, is very different from the length
scale derived from the density at the matching surface.
Note, that the values of the k and equivalently of the proper
distance or of the density are evaluated in the matching
surface and only these values enter the modified equations
of motion. The study of the second scaling although does
not solve the fine-tuning is useful since it provides both
correct passage from deceleration to acceleration and
correct dark energy equation of state coefficient behavior.
These properties are not easily achievable or guaranteed
that will occur. The very different length scale that is
derived from the density at the matching surface, compared
to the cluster length scale, is related with the large scale
structure details. Another important thing to clarify is that
the parameterization of the two scalings in AS context
follows the same phenomenological reasoning. The quan-
tity k should be increased as you go to a more energetic
configuration of fields which means as you go closer to the
center of the AS corrected de Sitter—Schwarzschild BH that
models the cluster of galaxies.

In order to compare the Hubble rate in the context of AS
models with the observations, we have to normalize accord-
ingly the Hubble rate, i.e., to demand H(0) = 100k, where
h is a dimensionless parameter and 4 € (0, 1). From this
requirement, we can eliminate 7 from the Hubble rate
demanding the matching to happen in 2rs, or we can have
an initial condition for the D, (0) equal to a value close to
ry and fix 7. Thus, we can further manage to lower the
number of free parameters for our models, which is
beneficial from both conceptual and numerical view-
points. In fact, we can also check if a particular instance
of the model could describe the accelerated expansion of
the Universe, while also satisfying the available observa-
tional constraints on G/G. In Fig. 3 we illustrate three
cosmological parameters for both scaling relations, with
the total of 3 parameters, that are (&, 6,,6,) for the first
scaling relation and (£,6,,0,) for the second scaling
relation. An indicative set of parameters that can give
the desired phenomenology are listed in Table I.

TABLE I. Indicative points on the parameter space for each of the two scaling relations [Egs. (3.10), (3.31)] that
correspond to efficient phenomenology.

Scaling model Eoré 7 0, 0,
Cluster radial proper distance (&, 6, 6,) 3.0 3.0 2.001 0.06
> ~ 1.0 0.1 2.005 0.05
Cluster density profile (£,0,,6,) 1x107%8 10 2.001 0.06
> 1 x 10728 15 2.005 0.05
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FIG. 1. Values of the normalized derivative of the Newton
constant G around z = 0, for both scaling relations labeled
“scaling-I” which is the proper distance scaling and “scaling-
I” the scaling using density. We include also the most recent
observational values along with their error bars (1o). These are
(a) from [59] via calculating possible impact of varying G on
planetary orbits (labeled “solar system orbits”) (b) from [60]
using lunar laser ranging data (labeled “lunar laser”).

We also plot the most recent data compilation, that have
obtained via the cosmic chronometers method, thus being
approximately model independent, compiled at [62]. In
addition we depict the Hubble rate of the concordance
model (dashed black line) corresponding to the parameters
set {Q,0, 1} = {0.3,0.68}, to allow for qualitative com-
parison between the two models. The Hubble rate for each
scaling relation is depicted with the solid line. Examination
of Fig. 2 shows that both scenarios can give Hubble rate in
close agreement with the observations.

Regarding the value of the normalized derivative of
the coupling constant, G/G today, we calculate G/G =
—0.001 x 1073 yrs™! and G/G = 0.0083 x 10713 yrs~!
for the first and the second scaling relations, respectively.

2501
2001
15071

1001

H[kmMpc's™]

50¢
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From Fig. 1, it is easy to observe that both models are within
lo, that is in full agreement with the observational values
from [59,60]. The same with the result from [61] which is
one order of magnitude larger from the other two and is not
depicted at Fig. 1. Figure 1 shows the comparison of these
results with corresponding observations. As it is apparent
from the latter figure, the evolution of G is within 1o of the
observed values, for both scaling relations.

As another viability test for our models, we use the
transition redshift, defined via the requirement ¢(z,,) = 0.
The latter corresponds to the moment of the transition
between matter era and dark energy era in the cosmic
history. In particular, using the plot of the deceleration
parameter, g (second column of Fig. 3) for these particular
instances of the two different scaling expressions, we find
the transition redshift. For the case of scaling with proper
distance, we have z/, ~ 0.8 which lies within ~3¢ of both
[63] results, obtained via a model independent method.
For the case of scaling using density, we obtain z// ~ 1
which again is statistically compatible with [63] results.
From the latter fact we deduce that both models seem to be
viable.

V. CONCLUSIONS

In this work we have extended the swiss-cheese models
presented in [30,33] to include an explicit running of G
according to the IR fixed point hypothesis. The presented
analysis generalizes the original Einstein-Strauss model
by considering an interior vacuole spacetime described by
a RG-improved Schwarzschild spacetime in the presence
of a cosmological constant and Newton’s constant that
depend either on the proper distance D,, or on the matter
density according to a RG trajectory for which both the
dimensionless Newton constant and cosmological con-
stant approach a fixed point at large distances.

H[kmMpc s

0.5 1.0 1.5 2.0 2.5
z

FIG. 2. Plot of the Hubble rate along with a subset of the observational dataset, containing only data points obtained via the cosmic
chronometers method, compiled at [62]. To allow direct comparison, we depict the Hubble rate of the concordance model (dashed black
line) corresponding to the parameters set {Q,,, 7} = {0.3,0.68}. The Hubble rate for each scaling relation is depicted with the solid
line. In all cases the initial condition for the solution of proper distance was set to be 2r,, for reasons explained in the text. Left: scaling
using proper distance, for the parameter set {Q,,,&, h,0;,60,} = {0.3,0.68,1,2.001,0.06} Right: scaling using density, for the

parameter set {Q,,. k., & 6,,6,} = {0.3,0.68,10728,2.005,0.05}.
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Plots of some representative cosmological parameters. From left to right: equation of state parameter for the effective Dark Energy

fluid, wpg, deceleration parameter, g and normalized dark energy density, Qpg as a function of the redshift z, for the two different scaling
relations (top and bottom panel), see text. The parameters used for these plots are (top panel) Q,,0 = 0.3, = 1,0, = 2.001, 6, = 0.04,

(bottom panel) Q,,o = 0.3, & = 107289, = 2.005, 6, = 0.06.

The Darmois matching conditions determine the evolu-
tion of the FLRW spacetime outside the Schiicking Radius.
The RG trajectories emanating from the IR fixed point have
been parametrized by two critical exponents 6; and 6, and
by the scaling parameter £ which relates the RG cutoff k
with a characteristic distance scale. It turns out that the
present phase of accelerated expansion is the result of the
cumulative antigravity sources contribution within the
Schiicking radius. In particular no fine-tuning emerges at
late times. Our formalism allows us also to take into
account of the constraints on G/ G. Albeit the parameter
space is large and a full numerical analysis is beyond the
scope of the present work, it was possible to find many set
parameters which reproduce the current ACDM standard
model. The results are very encouraging, as for both scaling

expressions we do obtain reasonable behavior for the
cosmological quantities H(z), ¢, wpg, and Qpg.

Interesting enough for the interesting cases both 6; and
0, can be taken as positive and this is consistent with the
idea that the IR fixed point must be attractive in the k — 0
limit. It would therefore be interesting to further test this
cosmological model against the current observational data
in the spirit of [64,65].
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