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Abstract Constraints on the Covariant Canonical Gauge
Gravity (CCGGQG) theory from low-redshift cosmology are
studied. The formulation extends Einstein’s theory of Gen-
eral Relativity (GR) by a quadratic Riemann—Cartan term
in the Lagrangian, controlled by a “deformation” parameter.
In the Friedman universe this leads to an additional geo-
metrical stress energy and promotes, due to the necessary
presence of torsion, the cosmological constant to a time-
dependent function. The MCMC analysis of the combined
data sets of Type Ia Supernovae, Cosmic Chronometers and
Baryon Acoustic Oscillations yields a fit that is well compa-
rable with the ACDM results. The modifications implied in
the CCGG approach turn out to be subdominant in the low-
redshift cosmology. However, a non-zero spatial curvature
and deformation parameter are shown to be consistent with
observations.

1 Introduction

Dark energy, inflation, and dark matter are examples of much
disputed concepts that have been added to Einstein’s General
Relativity (GR) in order to explain observations that other-
wise would not be accounted for, see e.g. [1-3]. The cos-
mological constant, as its value adjusted to fit the current
accelerated expansion of the universe is far at odds with the
calculated vacuum energy of matter which it is supposed to
represent. Quintessence [4—15] — and similar scalar fields
invoked to generate an initial explosive inflation of the uni-
verse and explain the measured isotropy of cosmic radiation
— lack fundamental physical underpinning. Modifications of
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the gravity are, among other models, hand-crafted just for
matching specific observations. The invisible dark matter,
finally, necessary to explain the dynamics of galaxies, could
not yet been attributed to any field theory, or a known or
unknown particle, despite astronomical budgets devoted to
its search [16-36].

Recently a novel, rigorously derived covariant canonical
gauge theory of gravity (CCGG) has been applied to Fried-
man cosmology. CCGG is based on the covariant version
of the canonical transformation theory with which all gauge
theories are derived on the same footing. The difference is
just the symmetry group under consideration delivering the
appropriate minimal coupling scheme for matter fields and
the dynamical space-time. Such a “universal” approach must
of course be subject to a comprehensive testing against all
kinds of experiments, especially as CCGQG is its novel appli-
cation to gravity. In that study [37] CCGG was shown to
deliver an explanation of dark energy as a torsion based phe-
nomenon For earlier investigations on the possible cosmo-
logical role of torsion see for example [38—43,43—45]. There
a first analysis of the CCGG-Friedman cosmology was lim-
ited to varying the only new parameter beyond ACDM. The
comparison of the theory with the Hubble diagram indicated
that the model can deliver viable scenarios of cosmic evolu-
tion.

In this paper that preliminary analysis is extended to
Bayesian analysis with the aim to explore further cosmo-
logical constraints on the full parameter set, and to com-
pare the results with the standard ACDM cosmology. After
a brief review of the CCGG theory and the pertinent Fried-
man equations we first list the observational data considered
with focus on low z. A discussion of the numerical analysis
and the resulting figures follows. The paper concludes with
a discussion of the findings.
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2 The CCGG formulation

Rather than following ad-hoc or trial-and-error approaches
for modifying GR for compatibility with experiments, we
rely ab initio on the powers of proven comprehensive mathe-
matical frameworks. In analogy to point particle physics we
apply the covariant, field theoretical version of the canoni-
cal transformation theory in the De Donder-Hamiltonian for-
malism to imprint a given symmetry on a system of covari-
ant fields. In this way a consistent interaction of gravity
with matter is derived as laid out in Refs. [46-51]. This
approach yields the Covariant Canonical Gauge Gravity
(CCGG), a Yang-Mills type theory in the spirit of Utiyama,
Sciama, Kibble, Hayashi and Shirafuji, and Hehl [52-56],
rooted in a few key assumptions. While Einstein’s Principle
of General Relativity translates into the requirement of dif-
feomorphism invariance of the coupled dynamics of matter
and space-time, the Equivalence Principle is incorporated by
defining at any point of space-time an inertial (observers’)
frame of reference. The pertinent mathematical structure is
a (“Lorentzian”) frame bundle with fibers spanned by ortho-
normal bases fixed up to arbitrary (local) Lorentz transfor-
mations. The gauge group underlying the CCGG approach is
thus the SO (1, 3) x Di f f (M) group. The emerging gauge
fields are the (spin) connection coefficients not restricted to
torsion-free and/or metric compatible geometries. The gauge
field is a priori independent of the metric tensor, or equiv-
alently of the vierbein fields, which come as fundamental
structural elements of the Lorentzian manifold. Minimal cou-
plings are discovered in that way, not postulated a priori. Of
course, the structure of the dynamical space-time is dynam-
ically implemented by a specific choice of the Hamiltonian
of free gravity, but that remains the only freedom the theory
leaves open.

In order to secure the existence of the action integral in
the Hamiltonian picture we also postulate non-degeneracy
of the Lagrangian and the corresponding Hamiltonian den-
sities, which implies that the Lagrangian must contain an at
least quadratic Riemann—Cartan tensor concomitant [57]. A
quadratic term is therefore added as a parameter-controlled
deformation to Einstein’s linear ansatz, endowing space-time
with kinetic energy and thus inertia. In this way the frame-
work delivers a classical, quadratic, first-order (Palatini) field
theory where the connection coefficients emerge as indepen-
dent gauge fields which, in addition to the symmetric met-
ric tensor, determine the space-time geometry and mediate
gravitation. The couplings of matter fields and gravity are
unambiguously fixed. The so called consistence equation in
CCGG is a combination of the canonical (or equivalently
Euler-Lagrange) equations of motion, extending the field
equation of GR:
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Here g is the dimensionless deformation parameter, G New-
ton’s coupling constant, and A the “bare” cosmological con-
stant.
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is the Riemann—Cartan tensor (in general built from an
asymmetric connection), and 7{;,,) the symmetrized stress-
energy tensor of matter. (Our conventions are the signature
(+, —, —, —) of the metric, and natural units 7 = ¢ = 1. A
comma indicates a partial derivative.)

3 The CCGG-Friedman universe
3.1 Homogenous solution

Our aim is to establish a form of the equations governing the
dynamics of the universe that allow for a close comparison
with GR. In particular we require that the stress-energy ten-
sor be covariantly conserved. This requirement is here not
based on the Bianchi identity for the Einstein tensor. It is
invoked independently to retain the standard scaling prop-
erties of matter and radiation. As shown in Ref. [37] this
leads, in a metric compatible space-time, to the necessity to
invoke torsion. For the CCGG version of the Friedman model
that promotes the cosmological constant to the time or scale
dependent function

A(a) =t ho+ +P(a) =t A f(a).

P(a) is the torsion-dependant portion of the Ricci scalar.
A(a) reduces to the “bare” cosmological constant Ao in
torsion-free geometries. The Hubble function acquires, in
addition, a further geometric correction originating from the
quadratic Riemann—Cartan gravity. We ultimately get

E*(a) =: H2(2a) = pla) (3a)
H; Pcrit

p(a) =: pm + pr + pa + Pk + Pgeom (3b)

P (@) =t Perit Qma ™ (3¢)

pr(@) =t peri ra* (3d)

Pk (@) =t peris Rk a”> = —peris K a > (e)

PA@) =: perit n f(@) = perir 3A f (@) (3)
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where a is the scale factor and K the curvature parame-
ter of the FLRW metric. 2; with i = m, r, A, K are the
standard density constants related respectively to (dark) par-
ticle matter, radiation and dark energy. H(a) = a/a is
the Hubble function, Hy = H(a = 1) the Hubble con-
stant, and p.rir = 3H02/87'[G). For convenience we use
Qg =: [32mGHZ g1]1~'. We notice at this point that the var-
ious pressure terms combine to

pla) =: %pr_pA_%pK+%,0geom- 4)

Obviously the cosmological function has the equation of state
pa = —pp of dark energy, and the “geometric fluid” has the
equation of state pgeom = % Pgeom- 1.€. it behaves like (dark)
radiation.

The normalized dark energy function, f(a), is determined
from the ordinary first-order, non-linear differential equation

o 32, a(a)
S = o d B@)

&)

where:
ala) = Q, (%Qma_?’ + sz,a—4)

— (2 - d2na —2a ) (J2na +2n f).
B@) =0 (32na~+2,a74) +(2 - tQua~ -2 f)z,
with the boundary condition f(1) = 1. By setting g1 = 0
(which means f/(a) = 0) and f(a) = 1 we recover in
Eq. (3) the Einstein—Friedman equation for the Hubble func-
tion based on General Relativity. There are five indepen-
dent parameters in the CCGG model that must be opti-
mized, namely Q,, 2, Qa, Qg and Qgeom. By solving
Hy = H(a = 1), we get the relation for the additional,
deformation parameter:

1 Qk + QA+ Q2+ — 1
2 GHE (4Q4 + Q) (4Q + Qi +4Qk —4)

81 (6)

Notice that for the standard ACDM model (with a spatial
curvature Q) the sum Qg + Qp + 2, + 2, gives 1 and
thus from Eq. (6) we get g1 = 0.

3.2 Stability analysis

In order to test the stability of the model we use the
autonomous system method [58,59]. For simplicity we
ignore the spacial curvature and the radiation part and include
matter, dark energy and the quadratic term that incorporates
the torsional part. In that case the correct definition for the

1ot GC—— ]
595

0.8] T?‘ | ]
i A |

04 [t ]
i \Tﬂ‘l

0.2} IT‘ ]
o
Ly

0.0r A/ 1
00 02 04 06 08 10

X

Fig. 1 The stream plot for a universe with dark matter, dynamical dark
energy A(a) and the quadratic term from the CCGG equations. The x
refers to the matter part and the y refers to the dark energy density. The
figure shows that the matter domination (B) is an unstable point and the
dark energy domination (C) is a stable point

dimensionless parameters reads:

2 Qm

_ 2 Qa(a) 2
T G3EY

Qgeom
Y= = ™

X

with x2 + y2 + z2 = 1. After some algebra, one can define
the evaluation equations for the system:

j—; - % (—x2 4y 1) , (8a)
d_y: 3x2(x2+y2—1) (x2+4y2—2)
dN- (7x4 +4x2 (8y? —5) +16(y2 — 1)2)
L2 2
—3y (P + 42— 4). (8b)

where N = log(a). By setting x’(N) = y'(N) = 0, three
solutions for the system are discovered. In order to estimate
the stability of those points, we evaluate the matrix that con-
tains the derivatives of the system.

Figure 1 shows the stream plot for the system. Point
A(x =0, y = 0) describes domination of the quadratic term.
The eigenvalues at that point, A1 » = 4, 1, are both positive,
which indicates an unstable point. Point B(x = 1,y = 0)
where matter dominates the universe is also unstable as the

eigenvalues of the point are A1 = —3,+3. In contrast,
point C(x = 0, y = 1) with dark energy domination and the
eigenvalues A; o = —3, —20 is stable. The solution shows
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Table 1 Observational Parameter CCGG CCGG +R19 ACDM
conesponding ﬁﬁlli‘l’lrfg;fn Ho [0 ] 693+ 1.1 7126 £0.75 70.18 £ 0.86
prior and with the SHOES prior, Q 0.29 £0.016 0.28 £0.014 0.25 £0.06
and ACDM model. Here we set Qa 0.71 &+ 0.09 0.72 + 0.09 0.74 + 0.04
Qk =0 Q, (1074 4.14 4+ 2.96 5.56 £2.87 -
rq [Mpc] 147.4+£2.4 143.8 £ 1.62 146.1 £1.8
g1 (10114 —0.26 + 1.541 0.0663 & 1.094 0
q —0.57£0.012 —0.57£0.012 —0.62 +0.007
i 72.89 73.89 74.87
X2/ Dof 0.92 0.93 0.93
AlIC 88.51 86.89 84.87
the evolution from point A to C with matter domination dur- 2501 .
ing the evolution of the universe. //”
200 e
4 Cosmological probes % 150 } ,/”
4.1 Dataset = ol
£ 100 N"J,T’J[
In order to constraint our model, we deploy the following data ,” iy H
sets: Cosmic Chronometers (CC) exploit the evolution of 50 --- ccee
differential ages of passive galaxies at different redshifts to . : . . ! IObservatlonls
directly constrain the Hubble parameter [60]. We use uncor- 0.0 0.5 1.0 L5 2.0 25
related 30 CC measurements of H (z) discussed in [61-64]. ‘
As Standard Candles (SC) we use uncorrelated measure-
ments of the Pantheon Type Ia supernova [65] that were col- N s
lected in [66]. The parameters of the models are adjusted to e
fit the theoretical uﬁh value of the distance modulo, 24 /,/“"
22- -
uw=m—M=5log;y((1 +2) - Dy) + po, 9 . /
204
to the observed ,ufbs value. m and M are the apparent and 18 ,,"
absolute magnitudes and pg = Slog (H(; ! /M pc) + 25 is . ,"
the nuisance parameter that has been marginalized. The lumi- ° :' -—- CCGG
nosity distance is defined by Dy = (1 + z) Dy, where 144 i | Pantheon
. , 0.0 0.5 10 15 2.0 25
DMzisk(/'d—Z) (10) ’
Hy 0o E@) Fig. 2 The upper panel shows the CCGG best fit vs. the Cosmic
Chronometers dataset. The lower panel shows the the CCGG best fit
and vs. 40 uncorrelated points of the Type Ia supernova dataset. The dataset
is presented in red, and the best fit is presented in blue color
J_ITK sinh (v=Qgx) ifQx <0
Sk(x) = x if Qg =0 (1) transverse direction provide a measurement of Dy (z)/rqg =
«/%7 sin ( QKX) it Qg > 0. c¢/H(z)rg, with the comoving angular diameter distance

In addition, we use the uncorrelated data points from
different Baryon Acoustic Oscillations (BAO) collected
in [67] from [68-79]. Studies of the BAO features in the
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Fig. 3 One- (68% CI) and two-dimensional (68% and 95% CI)
marginalized posterior distributions for the relevant sampled and
derived CCGG parameters. The upper left panel shows the contour
for €2, vs. Q4 and the right upper panel shows the contour for 2, vs.
Hy. The lower left panel shows the contour for g; vs. Hy and the lower

which is a combination of the BAO peak coordinates. r; is
the sound horizon at the drag epoch. Finally, for very pre-
cise “line-of-sight” (or “radial”) observations, BAO can also
measure directly the Hubble parameter [82].

We use a nested sampler as it is implemented within the
open-source packaged Polychord [83] with the Get Dist
package [84] to present the results. The prior we choose is
with a uniform distributions, where €2, € [0; 1073], Q,, €
[0.;1.], QA € [0.;1.], Hy € [50; 100] km/s/Mpc, rg €
[120; 160] Mpc. When we include a spatial curvature we
extend the prior with Qg € [—0.1; 0.1]. The measurement of
the Hubble constant yielding Hy = 74.03+1.42 (km/s)/Mpc

0.32 4

0.30 1

e 0.28 1

0.26 -

0.24 ~_

0.22 4

66 68 70 72 74
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155

150

ra

145

140

66 68 70 72 74
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upper panel shows the contour for 4 vs. Hp. The gray contour describes
the CCGG best fit with a uniform prior. The red contour describes the
CCGQG best fit with the SHOES measurement as a prior. Finally, the blue
contour describes the ACDM best fit with a uniform prior

at 68% CL by [85] has been incorporated into our analysis
as an additional prior (R19). We contrast best-fit parameters
and goodness of fit between CCGG and the standard ACDM
with these datasets. We also compare the Akaike information
criteria (AIC) of the two models applied to the data set [86—
88]. In order to make a complete discussion, we include also
the deceleration parameter in our discussion, the dimension-
less quantity ¢ = —1 — H /H? measuring the acceleration
of the cosmic expansion.
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Fig. 4 One- (68% CI) and two-dimensional (68% and 95% CI)
marginalized posterior distributions for the the deceleration parameter
q vs. the Hubble parameter Hy. The gray contour describes the CCGG
best fit with a uniform prior. The red contour describes the CCGG best
fit with the SHOES measurement as a prior. Finally, the blue contour
describes the ACDM best fit with a uniform prior. The lower panel
shows a 3D of ¢ and the parameter g| vs. the Hubble parameter H

4.2 Spatially flat universe

Table 1 summarises the results with Qx = 0. In the CCGG
model the quadratic term provides with the deformation
parameter an additional degree of freedom. Hence while for
ACDM we set Q, = 1 — Q,, — Q4 for the radiation part,
for CCGG we have Qgeom = 1 — 2, — QA — 2, for the
additional geometry term. The Hubble parameter fitted for
the CCGG model is 69.3 £ 1.1 km/s/Mpc for a uniform prior
or 71.26+0.75 km/s/Mpc with the SHOES prior. The Hubble
parameter for the ACDM model is in between these values
70.18 = 0.86 km/s/Mpc for the uniform prior.

The €2, matter part in the CCGG model is 0.29 £ 0.016
or 0.28 £ 0.014 for the SHOES prior, which is a bit higher
then the ACDM fit 0.25 £ 0.06. The dark energy €2 part is
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Parameter CCGG CCGG + R19
Ho[;57:] 69.76+1.3 7156 +0.7068
O 0.286 4 0.052  0.26 & 0.042
Qa 0.7141 £ 0.017 0.711 £0.017
Q. (107%)  5.01 £2.82 5.06 + 3.04
Qk (107%) 0.01344+5.53 2.12+4.54
rq [Mpc] 146.6+2.72  143.141.74
g1 (10'%)  0.1134+£2.29  1.094+2.03
q —0.57 4 0.012 —0.58 +0.0124
Ximin 72.83 73.61
Xiin/Dof 0.93 0.94
AlIC 87.84 88.61

Fig. 5 One- (68% CI) and two-dimensional (68% and 95% CI)
marginalized posterior distributions for the the deceleration parameter
Qk vs. the Hubble parameter Hy. The gray contour describes the CCGG
best fit with a uniform prior. The red contour describes the CCGG best
fit with the SHOES measurement as a prior.The table shows Observa-

tional constraints and the corresponding x%in for the CCGG model with
uniform prior and with the SHOES prior with spatial curvature

being 0.71 £0.09 or 0.72 £ 0.09 with the SHOES prior, a bit
lower then the ACDM fit 0.74 4 0.04.

The BAO scale is set by the redshift at the drag epoch z4; ~
1020 when photons and baryons decouple [89]. For a flat
ACDM, the Planck measurements yield 147.09 4+ 0.26 M pc
and the WMAP fit gives 152.99 + 0.97 Mpc [90]. Final
measurements from the completed SDSS lineage of experi-
ments in large-scale structure provide r; = 149.3 £2.8 Mpc
[91]. The ACDM model for the combined data set we use
gives 146.1 £ 1.8 Mpc. However, the CCGG model gives
147.4 + 2.4 Mpc. For the SHOES prior, the distance is
143.8 +1.62 Mpc. The quadratic term thus changes the hori-
zon scale in the early universe, but still in a moderate and
reasonable range.

From the AIC we see that ACDM is still the better fit to the
late universe, since the AIC for ACDM model 84.87 is then
the CCGG case 88.51 or with SHOES prior 86.89. However
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the ACDM model does not describe the inflationary epoch,
which the quadratic term naturally provides.

4.3 With Qg £ 0

The shape of the universe is a fundamental question. The lat-
ter can be characterized by measuring the spatial curvature of
the universe K, quantifying how much the spatial geometry
locally differs from that of flat space. Most models of inflation
predict a universe which is extremely close to being spatially
flat [90,92,93]. Because of the quadratic term the spatial cur-
vature may be larger. Figure 5 shows the spatial curvature vs.
the Hubble parameter. For the uniform prior case the spatial
curvature turns out to be (0.0134 & 5.53) - 1072, while for
the SHOES prior the spatial curvature is (2.12 4 4.54)-1072.
The model predicts a positive value for Qg but the error bar
is sufficient large for the negative values as well. Moreover,
from the AIC criteria it seems that the case for absorbing
the spatial curvature is better since the AIC for this case is
higher: 87.84 for the uniform prior, and 88.61 for the SHOES
prior.

5 Discussion

This paper discusses the cosmological constraints on the
CCGG formulation from low-redshift observations. CCGG
is a gauge theory of gravity ensuring in a covariant way
full diffeomorphism invariance of the system action. Using
canonical transformation theory the approach unambigu-
ously fixes how matter fields interact with curved geometry
of space-time, and enforces a parameter controlled admixture
of a quadratic Riemann—Cartan concomitant to the Einstein—
Hilbert linear term. In a preliminary study [37] the cosmo-
logical consequence of that quadratic extension were exam-
ined in alignment with the ACDM model. Here we go a
step further and test the CCGG cosmology against a com-
prehensive database of low-redshift cosmological measure-
ments that include the Pantheon Type la supernova, Cosmic
Chronometers and Baryon Acoustic Oscillations.

Using the Polychord package we find a good best fit of
the CCGG cosmology with data. By the AIC criterium the
CCGG fit accuracy is comparable with that of ACDM. The
key density parameters are in reasonable agreement with the
ACDM model. The new free parameter of the theory control-
ling the admixture of quadratic gravity and the inflationary
dynamics is of the order 10''*. However, the statistical error
bars do not permit any further conclusions about its value,
not even about its sign. Also the non-zero spatial curvature
parameter found for the late universe is, within the error bars,
consistent with zero. The deceleration parameter g, on the
other hand, is predicted to be lower then the ACDM best fit:
—0.57 £ 0.012 for CCGG and —0.62 %+ 0.007 for ACDM.

We conclude that the CCGG approach reproduces low-
redshift observation with a similar accuracy as the ACDM
model. The novel features of CCGG, namely the presence
of torsion and the influence of quadratic curvature, repre-
sented by the additional deformation parameter, turn out to
be subdominant in this late era of the cosmic evolution. How-
ever, albeit this calculation does not conclusively determine
the relative admixture of quadratic gravity to Einsten-Cartan
gravity, the data neither excludes a non-zero deformation
parameter, nor a deviation from the flat geometry assumed
in ACDM. This leaves the possibility open that the more
complex space-time geometry of CCGG applies, which natu-
rally invokes inflation [94] and substantially alters the Hubble
expansion in the early universe [37]. The model’s superior-
ity thus might become obvious only when including the early
universe data in the analysis.

The discussion on whether torsion of space-time could
be excluded by solar tests have been sparked by the Gravity
Probe B (GPB) experiment. While Mao et al. [95] propose
to use the high-precision gyroscope for detecting torsion,
Hehl et al. [96] conclude, referring to the Poincare Gauge
Gravity, that torsion can couple to particle spin only, not
to the gyroscope’s angular momentum, and that the accu-
racy needed for detecting such a coupling is far beyond any
currently available technologies. Moreover, they also dis-
miss possible deviations of test particle trajectories from the
geodesic (trajectory of extremal length) by postulating that it
is force-free trajectory of particles, rather than the autoparal-
lel (“straightes trajectory”). These discussions indicate that
torsion may not be detectable in the solar system, but they so
far do not exclude its existence.

While we agree with Hehl’s first conjecture, we advocate
the autoparallel to be the correct force-free trajectory as the
obvious generalization of Newton’s notion of a straight line
to curvilinear space-time. A propagating torsion field that
arises naturally in CCGG will also directly interact with spin
carrying particles. As in presence of torsion the autoparal-
lel and the geodesic are not identical, a modified connection
will in principle be felt by test particles. Direct spin-torsion
interactions [97] will in addition affect the trajectories of
spin-polarized as compared to spinless test particles. How-
ever, if the density of the torsion field is very low in the
solar system then we will encounter similar restrictions on the
detectability of those spin-torsion interactions. Work along
these lines including advanced modeling of the torsion tensor
is in progress.

Public Source: The files with the dataset and the fit pack-
age can be found in https://github.com/benidav/CCGGcosmo
logy2020.

Acknowledgements We thank Horst Stocker and Denitsa Sticova
for fruitful discussions. This work has been supported by the Walter
Greiner Gesellschaft zur Forderung der physikalischen Grundlagen-

@ Springer


https://github.com/benidav/CCGGcosmology2020
https://github.com/benidav/CCGGcosmology2020

125 Page 8 of 9

Eur. Phys. J. C (2021) 81:125

forschung e.V., and partially by the European COST actions CA15117
and CA18108. D.B., D.V. and J.K. especially thank the Fueck Stiftung
for support.

Data Availability Statement This manuscript has no associated data or
the data will not be deposited. [Authors’ comment: All of the measure-
ments were taken from Refs. [60-82] in the paper. The paper describes
exactly which measurements we use.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP?.

References

1. S. Weinberg, Rev. Mod. Phys. 61, 1 (1989), [,569(1988)]

2. L.Lombriser, Phys. Lett. B 797, 134804 (2019). arXiv:1901.08588
[gr-qc]

3. J. Frieman, M. Turner, D. Huterer, Ann. Rev. Astron. Astrophys.
46, 385 (2008). arXiv:0803.0982 [astro-ph]

4. C. Wetterich, Nucl. Phys. B 897, 111 (2015). arXiv:1408.0156
[hep-th]

5. B.Ratra, PJ.E. Peebles, Phys. Rev. D 37, 3406 (1988)

6. R.R. Caldwell, R. Dave, P.J. Steinhardt, Phys. Rev. Lett. 80, 1582
(1998). arXiv:astro-ph/9708069 [astro-ph]

7. J. Kehayias, R.J. Scherrer, Phys. Rev. D 100, 023525 (2019).
arXiv:1905.05628 [gr-qc]

8. V.K. Oikonomou, N. Chatzarakis, Nucl. Phys. B 956, 115023
(2020). arXiv:1905.01904 [gr-qc]

9. A. Chakraborty, A. Ghosh, N. Banerjee, Phys. Rev. D 99, 103513
(2019). arXiv:1904.10149 [gr-qc]

10. E. Babichev, S. Ramazanov, A. Vikman, (2018). https://doi.
org/10.1088/1475-7516/2018/11/023,  [JCAP1811,023(2018)].
arXiv:1807.10281 [gr-qc]

11. 1. Zlatev, L.-M. Wang, PJ. Steinhardt, Phys. Rev. Lett. 82, 896
(1999). arXiv:astro-ph/9807002 [astro-ph]

12. R.R.  Caldwell, Phys. Lett. B
arXiv:astro-ph/9908168 [astro-ph]

13. T. Chiba, T. Okabe, M. Yamaguchi, Phys. Rev. D 62, 023511
(2000). arXiv:astro-ph/9912463 [astro-ph]

14. M.C. Bento, O. Bertolami, A.A. Sen, Phys. Rev. D 66, 043507
(2002). arXiv:gr-qc/0202064 [gr-qc]

15. S. Tsujikawa, Class. Quant. Grav.
arXiv:1304.1961 [gr-qc]

16. E. Di Valentino et al., (2020). arXiv:2008.11283 [astro-ph.CO]

17. E. Di Valentino et al., (2020). arXiv:2008.11284 [astro-ph.CO]

18. E. Di Valentino et al., (2020) arXiv:2008.11285 [astro-ph.CO]

19. G. Efstathiou, (2020) arXiv:2007.10716 [astro-ph.CO]

20. S.Borhanian, A. Dhani, A. Gupta, K. G. Arun, B. S. Sathyaprakash,
(2020). arXiv:2007.02883 [astro-ph.CO]

21. A. Hryczuk, K. Jodtowski, Phys. Rev. D 102, 043024 (2020).
arXiv:2006.16139 [hep-ph]

545, 23 (2002).

30, 214003 (2013).

@ Springer

22.

23.

24.

25.

26.

217.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

A. Klypin, V. Poulin, F. Prada, J. Primack, M. Kamionkowski,
V. Avila-Reese, A. Rodriguez-Puebla, P. Behroozi, D. Hellinger,
T. L. Smith, (2020). arXiv:2006.14910 [astro-ph.CO]

M.M. Ivanov, Y. Ali-Haimoud, J. Lesgourgues, Phys. Rev. D 102,
063515 (2020). arXiv:2005.10656 [astro-ph.CO]

A. Chudaykin, D. Gorbunov, N. Nedelko, JCAP 2008, 013 (2020).
arXiv:2004.13046 [astro-ph.CO]

K.-F. Lyu, E. Stamou, L.-T. Wang (2020). arXiv:2004.10868 [hep-
ph]
G. Alestas, L. Kazantzidis, L. Perivolaropoulos (2020).

arXiv:2004.08363 [astro-ph.CO]

P. Motloch, W. Hu, Phys. Rev. D 101, 083515 (2020).
arXiv:1912.06601 [astro-ph.CO]

N. Frusciante, S. Peirone, L. Atayde, A. De Felice, Phys. Rev. D
101, 064001 (2020). arXiv:1912.07586 [astro-ph.CO]

W. Yang, E. Di Valentino, O. Mena, S. Pan, R.C. Nunes, Phys. Rev.
D 101, 083509 (2020a). arXiv:2001.10852 [astro-ph.CO]

E. Di Valentino (2020). arXiv:2011.00246 [astro-ph.CO]

E. Di Valentino, O. Mena (2020). https://doi.org/10.1093/mnrasl/
slaal75. arXiv:2009.12620 [astro-ph.CO]

H. B. Benaoum, W. Yang, S. Pan, E. Di Valentino (2020).
arXiv:2008.09098 [gr-qc]

W. Yang, E. Di Valentino, S. Pan, O. Mena (2020).
arXiv:2007.02927 [astro-ph.CO]
E. Di Valentino, E. V. Linder, A. Melchiorri (2020).

arXiv:2006.16291 [astro-ph.CO]

E. Di Valentino, S. Gariazzo, O. Mena, S. Vagnozzi (2020).
arXiv:2005.02062 [astro-ph.CO]

W. Yang, E. Di Valentino, O. Mena, S. Pan, Phys. Rev. D 102,
023535 (2020c). arXiv:2003.12552 [astro-ph.CO]

D. Vasak, J. Kirsch, J. Struckmeier, Eur. Phys. J. Plus 135, 404
(2020). arXiv:1910.01088 [gr-qc]

S. Capozziello, Int. J. Mod. Phys.
arXiv:gr-qc/0201033 [gr-qc]

S. Capozziello, S. Carloni, A. Troisi, Recent Res. Dev. Astron.
Astrophys. 1, 625 (2003). arXiv:astro-ph/0303041

S. Capozziello, ES.N. Lobo, J.P. Mimoso, Phys. Lett. B 730, 280
(2014). arXiv:1312.0784 [gr-qc]

H. Chen, E-H. Ho, J.M. Nester, C.-H. Wang, H.-J. Yo, JCAP 10,
027 (2009). arXiv:0908.3323 [gr-qc]

H. Arcos, J. Pereira, Int. J. Mod. Phys. D 13, 2193 (2004).
arXiv:gr-qc/0501017

A.V. Minkevich, A.S. Garkun, V.I. Kudin, Class. Quant. Grav. 24,
5835 (2007). arXiv:0706.1157 [gr-qc]

K.-F. Shie, J.M. Nester, H.-J. Yo, Phys. Rev. D 78, 023522 (2008).
arXiv:0805.3834 [gr-qc]

G. Unger, N. Poptawski, Astrophys. J. 870, 78 (2019).
arXiv:1808.08327 [gr-qc]

J. Struckmeier, A. Redelbach, Int J Mod Phys E 17, 435 (2008).
arXiv:0811.0508 [math-ph]

J. Struckmeier, J. Phys. G 40, 015007 (2013). arXiv:1206.4452
[nucl-th]

J. Struckmeier, D. Vasak, H. Stoecker, Proceedings, 4th interna-
tional symposium on strong electromagnetic fields and neutron
stars (STARS2015): Havana, Cuba, May 10-16, 2015. Astron.
Nachr. 336, 731 (2015)

J. Struckmeier, J. Muench, D. Vasak, J. Kirsch, M. Hanauske, H.
Stoecker, Phys. Rev. D 95, 124048 (2017). arXiv:1704.07246 [gr-
qc]

J. Struckmeier, J. Muench, P. Liebrich, M. Hanauske, J. Kirsch, D.
Vasak, L. Satarov, H. Stoecker, Int. J. Mod. Phys. E 28, 1950007
(2019). arXiv:1711.10333 [gr-qc]

J. Struckmeier, D. Vasak, A. Redelbach, P. Liebrich, H. Stocker,
(2018). arXiv:1812.09669 [gr-qc]

R. Utiyama, Phys. Rev. 101, 1597 (1956)

D 11, 483 (2002).


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1901.08588
http://arxiv.org/abs/0803.0982
http://arxiv.org/abs/1408.0156
http://arxiv.org/abs/astro-ph/9708069
http://arxiv.org/abs/1905.05628
http://arxiv.org/abs/1905.01904
http://arxiv.org/abs/1904.10149
https://doi.org/10.1088/1475-7516/2018/11/023
https://doi.org/10.1088/1475-7516/2018/11/023
http://arxiv.org/abs/1807.10281
http://arxiv.org/abs/astro-ph/9807002
http://arxiv.org/abs/astro-ph/9908168
http://arxiv.org/abs/astro-ph/9912463
http://arxiv.org/abs/gr-qc/0202064
http://arxiv.org/abs/1304.1961
http://arxiv.org/abs/2008.11283
http://arxiv.org/abs/2008.11284
http://arxiv.org/abs/2008.11285
http://arxiv.org/abs/2007.10716
http://arxiv.org/abs/2007.02883
http://arxiv.org/abs/2006.16139
http://arxiv.org/abs/2006.14910
http://arxiv.org/abs/2005.10656
http://arxiv.org/abs/2004.13046
http://arxiv.org/abs/2004.10868
http://arxiv.org/abs/2004.08363
http://arxiv.org/abs/1912.06601
http://arxiv.org/abs/1912.07586
http://arxiv.org/abs/2001.10852
http://arxiv.org/abs/2011.00246
https://doi.org/10.1093/mnrasl/slaa175
https://doi.org/10.1093/mnrasl/slaa175
http://arxiv.org/abs/2009.12620
http://arxiv.org/abs/2008.09098
http://arxiv.org/abs/2007.02927
http://arxiv.org/abs/2006.16291
http://arxiv.org/abs/2005.02062
http://arxiv.org/abs/2003.12552
http://arxiv.org/abs/1910.01088
http://arxiv.org/abs/gr-qc/0201033
http://arxiv.org/abs/astro-ph/0303041
http://arxiv.org/abs/1312.0784
http://arxiv.org/abs/0908.3323
http://arxiv.org/abs/gr-qc/0501017
http://arxiv.org/abs/0706.1157
http://arxiv.org/abs/0805.3834
http://arxiv.org/abs/1808.08327
http://arxiv.org/abs/0811.0508
http://arxiv.org/abs/1206.4452
http://arxiv.org/abs/1704.07246
http://arxiv.org/abs/1711.10333
http://arxiv.org/abs/1812.09669

Eur. Phys. J. C (2021) 81:125

Page 9 of 9 125

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

D. W. Sciama, On the analogy between charge and spin in general
relativity, in Recent Developments in General Relativity (1962) p.
415

T. Kibble, Phys. Rev. 155, 1554 (1967)

F. Hehl, P. Von Der Heyde, G. Kerlick, J. Nester, Rev. Mod. Phys.
48, 393 (1976)

K. Hayashi, T. Shirafuji, Prog. Theor. Phys. 66, 318 (1981)

D. Benisty, E.I. Guendelman, D. Vasak, J. Struckmeier, H.
Stoecker, Phys. Rev. D 98, 106021 (2018). arXiv:1809.10447 [gr-
qc]

S. Bahamonde, C.G. Bohmer, S. Carloni, E.J. Copeland, W. Fang,
N. Tamanini, Phys. Rept. 775-777, 1 (2018). arXiv:1712.03107
[gr-qc]

S. D. Odintsov, D. Sdez-Chillén Gémez, G. S. Sharov, Eur. Phys.
J.C 77,862 (2017). arXiv:1709.06800 [gr-qc]
R. Jimenez, A. Loeb, Astrophys. .
arXiv:astro-ph/0106145 [astro-ph]

M. Moresco, L. Verde, L. Pozzetti, R. Jimenez, A. Cimatti, JCAP
1207, 053 (2012a). arXiv:1201.6658 [astro-ph.CO]

M. Moresco et al., JCAP 1208, 006 (2012b). arXiv:1201.3609
[astro-ph.CO]

M. Moresco, Mon. Not. Roy. Astron. Soc. 450, L16 (2015).
arXiv:1503.01116 [astro-ph.CO]

M. Moresco, L. Pozzetti, A. Cimatti, R. Jimenez, C. Maraston, L.
Verde, D. Thomas, A. Citro, R. Tojeiro, D. Wilkinson, JCAP 1605,
014 (2016). arXiv:1601.01701 [astro-ph.CO]

D. Scolnic et al., Astrophys. J. 859, 101 (2018). arXiv:1710.00845
[astro-ph.CO]

F.K. Anagnostopoulos, S. Basilakos, E.N. Saridakis, Eur. Phys. J.
C 80, 826 (2020). arXiv:2005.10302 [gr-qc]

D. Benisty, D. Staicova, (2020). arXiv:2009.10701 [astro-ph.CO]
W.J. Percival etal., (SDSS), Mon. Not. Roy. Astron. Soc. 401, 2148
(2010). (arXiv:0907.1660 [astro-ph.CO])

F. Beutler, C. Blake, M. Colless, D.H. Jones, L. Staveley-Smith,
L. Campbell, Q. Parker, W. Saunders, F. Watson, Mon. Not. Roy.
Astron. Soc. 416, 3017 (2011). arXiv:1106.3366 [astro-ph.CO]
N.G. Busca et al., Astron. Astrophys. 552, A96 (2013).
arXiv:1211.2616 [astro-ph.CO]

L. Anderson et al., Mon. Not. Roy. Astron. Soc. 427, 3435 (2013).
arXiv:1203.6594 [astro-ph.CO]

H.-J. Seo et al., Astrophys. J. 761, 13 (2012). arXiv:1201.2172
[astro-ph.CO]

A.J. Ross, L. Samushia, C. Howlett, W.J. Percival, A. Bur-
den, M. Manera, Mon. Not. Roy. Astron. Soc. 449, 835 (2015).
arXiv:1409.3242 [astro-ph.CO]

R. Tojeiro et al., Mon. Not. Roy. Astron. Soc. 440, 2222 (2014).
arXiv:1401.1768 [astro-ph.CO]

J.E. Bautista et al., Astrophys. .
arXiv:1712.08064 [astro-ph.CO]

573, 37 (2002).

863, 110 (2018).

76.

71.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97

E. de Carvalho, A. Bernui, G.C. Carvalho, C.P. Novaes, H.S.
Xavier, JCAP 1804, 064 (2018). arXiv:1709.00113 [astro-ph.CO]
M. Ata et al., Mon. Not. Roy. Astron. Soc. 473, 4773 (2018).
arXiv:1705.06373 [astro-ph.CO]

T.M.C. Abbott et al., (DES), Mon. Not. Roy. Astron. Soc. 483,
4866 (2019). arXiv:1712.06209 [astro-ph.CO]

Z. Molavi, A. Khodam-Mohammadi, Eur. Phys. J. Plus 134, 254
(2019). arXiv:1906.05668 [gr-qc]

N. B. Hogg, M. Martinelli, S. Nesseris (2020). arXiv:2007.14335
[astro-ph.CO]

M. Martinelli et al. (EUCLID) (2020). arXiv:2007.16153 [astro-
ph.CO]

N. Benitez et al., Astrophys. J. 691, 241 (2009). arXiv:0807.0535
[astro-ph]

W.J. Handley, M.P. Hobson, A.N. Lasenby, Mon. Not. Roy. Astron.
Soc. 450, L61 (2015). arXiv:1502.01856 [astro-ph.CO]

A. Lewis (2019). arXiv:1910.13970 [astro-ph.IM]

A.G. Riess, S. Casertano, W. Yuan, L.M. Macri, D. Scolnic, Astro-
phys. J. 876, 85 (2019). arXiv:1903.07603 [astro-ph.CO]

K.P. Burnham, D.R. Anderson, Sociol. Methods Res. 33, 261
(2004). https://doi.org/10.1177/0049124104268644

A.R. Liddle, Mon. Not. Roy. Astron. Soc. 377, L74 (2007).
arXiv:astro-ph/0701113

F.K. Anagnostopoulos, S. Basilakos, E.N. Saridakis, Phys. Rev. D
100, 083517 (2019). arXiv:1907.07533 [astro-ph.CO]

E. Aubourg et al, Phys. Rev. D 92, 123516 (2015).
arXiv:1411.1074 [astro-ph.CO]

N. Aghanim et al. ( Planck), (2018). arXiv:1807.06209 [astro-
ph.CO]

S. Alam et al. (eBOSS), (2020). arXiv:2007.08991 [astro-ph.CO]
D. Baumann, Theoretical Advanced Study Institute in Elemen-
tary Particle Physics: Physics of the Large and the Small 523-686
(2011). arXiv:0907.5424 [hep-th]

J. Martin, C. Ringeval, V. Vennin, Phys. Dark Univ. 5-6, 75 (2014).
arXiv:1303.3787 [astro-ph.CO]

D. Benisty, D. Vasak, E. Guendelman, J. Struckmeier, Mod. Phys.
Lett. A 34, 1950164 (2019). arXiv:1807.03557 [gr-qc]

Y. Mao, M. Tegmark, A.H. Guth, S. Cabi, Phys. Rev. D 76, 104029
(2007). arXiv:gr-qc/0608121

F.W. Hehl, Y.N. Obukhov, D. Puetzfeld, Phys. Lett. A 377, 1775
(2013). arXiv:1304.2769 [gr-qc]

. J. Struckmeier, D. Vasak, (2021). arXiv:2101.04467 [gr-qc]

@ Springer


http://arxiv.org/abs/1809.10447
http://arxiv.org/abs/1712.03107
http://arxiv.org/abs/1709.06800
http://arxiv.org/abs/astro-ph/0106145
http://arxiv.org/abs/1201.6658
http://arxiv.org/abs/1201.3609
http://arxiv.org/abs/1503.01116
http://arxiv.org/abs/1601.01701
http://arxiv.org/abs/1710.00845
http://arxiv.org/abs/2005.10302
http://arxiv.org/abs/2009.10701
http://arxiv.org/abs/0907.1660
http://arxiv.org/abs/1106.3366
http://arxiv.org/abs/1211.2616
http://arxiv.org/abs/1203.6594
http://arxiv.org/abs/1201.2172
http://arxiv.org/abs/1409.3242
http://arxiv.org/abs/1401.1768
http://arxiv.org/abs/1712.08064
http://arxiv.org/abs/1709.00113
http://arxiv.org/abs/1705.06373
http://arxiv.org/abs/1712.06209
http://arxiv.org/abs/1906.05668
http://arxiv.org/abs/2007.14335
http://arxiv.org/abs/2007.16153
http://arxiv.org/abs/0807.0535
http://arxiv.org/abs/1502.01856
http://arxiv.org/abs/1910.13970
http://arxiv.org/abs/1903.07603
https://doi.org/10.1177/0049124104268644
http://arxiv.org/abs/astro-ph/0701113
http://arxiv.org/abs/1907.07533
http://arxiv.org/abs/1411.1074
http://arxiv.org/abs/1807.06209
http://arxiv.org/abs/2007.08991
http://arxiv.org/abs/0907.5424
http://arxiv.org/abs/1303.3787
http://arxiv.org/abs/1807.03557
http://arxiv.org/abs/gr-qc/0608121
http://arxiv.org/abs/1304.2769
http://arxiv.org/abs/2101.04467

	Low-redshift constraints on covariant canonical Gauge theory  of gravity
	Abstract 
	1 Introduction
	2 The CCGG formulation
	3 The CCGG-Friedman universe
	3.1 Homogenous solution
	3.2 Stability analysis

	4 Cosmological probes
	4.1 Dataset
	4.2 Spatially flat universe
	4.3 With ΩK =0

	5 Discussion
	Acknowledgements
	References




