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Braneworld models have been proposed as a possible solution to the problem of the accelerated
expansion of the Universe. The idea is to dispense the dark energy (DE) and drive the late-time cosmic
acceleration with a five-dimensional geometry. We investigate a brane model with variable brane tension as
a function of redshift called chrono-brane. We propose the polynomial λ ¼ ð1þ zÞn function inspired in
tracker-scalar-field potentials. To constrain the n exponent we use the latest observational Hubble data from
cosmic chronometers, Type Ia Supernovae from the full joint-light-analysis sample, baryon acoustic
oscillations and the posterior distance from the cosmic microwave background of Planck 2015
measurements. A joint analysis of these data estimates n ≃ 6.19� 0.12 which generates a DE-like
(cosmological-constantlike at late times) term, in the Friedmann equation arising from the extra
dimensions. This model is consistent with these data and can drive the Universe to an accelerated phase
at late times.
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I. INTRODUCTION

The accelerated expansion of the Universe in the present
epoch is supported by high-resolution observations of
Supernovae Type Ia (SNIa) at high redshift [1–3], anisot-
ropies in cosmic microwave background radiation (CMB)
[4,5] and baryon acoustic oscillations (BAO) [6]. To explain
this within the general relativity framework, a negative-
pressure fluid, dubbed dark energy (DE), must be postulated
to produce the observed gravity repulsion [7]. The most
economic attempt comes from the cosmological constant
[CC; 8], originated by quantum vacuum fluctuations [9,10].
Extra-dimensions scenarios have been proposed to solve

the CC problems such as braneworld models, which
accelerate the Universe under the assumption of a 4þ 1-
dimensional space-time (the bulk) containing an ordinary
3þ 1-dimensional manifold (the brane). However, the
majority of them (including the Randall and Sundrum
(RS).1 [11,12] models) achieve a stable late cosmic accel-
eration only by including DE [13,14]. Althoughmodels with
variable brane tension (VBT), λðtÞ ∝ aðtÞ, sourcing from

thermodynamics assumptions (Eötvös law) have been stud-
ied previously2 [15–23], they either have not been contrasted
with recent observations or still need the introduction of aDE
fluid to reproduce the late acceleration.
We propose a phenomenological braneworld model

based on RSII using one brane with variable tension, called
chrono-brane (CB) hereafter, which does not only supply
the late-time cosmic acceleration but it is also in agreement
with observational data.
In contrast with previous studies, a double Bianchi

identity is not applied, i.e. there is no matter creation into
the brane. We investigate the effects of a VBT in terms of
the scale factor (redshift), i.e. λðaÞ or λðzÞ. We propose a
polynomial function for the brane tension which is dom-
inant in later times in the Universe, but subdominant in the
early Universe to be consistent with nucleosynthesis.
To probe this model, we perform a Monte Carlo
Markov Chain (MCMC) analysis using SNIa, H(z), BAO,
and CMB data.We also investigate the scale factor dynamics
and the cosmological evolution of the different components
of the Universe.

*aspeitia@fisica.uaz.edu.mx
1RS models are divided in the case of two (RSI) and one brane

(RSII) respectively.

2Notice that only models with constant brane tension have
been observational constrained.
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II. BRANEWORLD COSMOLOGICAL
FRAMEWORK

The characteristic brane parameter is encoded in the brane
tension which establishes the limits of high and low
energies. Following Refs. [24,25] the Einstein’s field equa-
tions projected onto the four dimensional manifold with
a VBT (see [26,27] for a constant brane tension) can be
written as:

Gμν þ ξμν ¼ κ2ð4ÞTμν þ
6κ2ð4Þ
λ

Πμν: ð1Þ

We assume no matter fields in the bulk [25] and AdS5
background [27]. Therefore, the Friedmann equation is
H2 ¼ ðκ2ð4Þ=3Þ

P
iρi½1þ ρi=ð2λÞ�, recovering the canonical

form when λ → ∞. The brane tension can be rewritten as
λðaÞ≡ λ0λ̂ðaÞ, with λ0 as a free parameter. The general
dimensionless function, λ̂ðaÞ, gives the brane tension
behavior in terms of the scale factor. This way of writing
λ avoids problems with the fundamental constants, elimi-
nating the temporary dependence. For instance, λ̂ðaÞ has
been absorbed by any of the tensors associated in (1).
To source the late cosmic acceleration with a VBTwithout

DE we only consider matter (baryonic and dark matter) and
radiation as components. A dimensionless Friedmann equa-
tion, EðzÞ2 ≡H2ðzÞ=H2

0, can be re written as

EðzÞ2 ¼E2
nbðzÞþ

M

λ̂ðzÞ ½Ω
2
m0ðzþ1Þ6þΩ2

r0ðzþ1Þ8�; ð2Þ

whereE2
nbðzÞ¼Ωm0ðzþ1Þ3þΩr0ðzþ1Þ4,M¼3H2

0=2κ
2
4λ0,

and Ωm0 ¼ Ωb0 þ ΩDM0. The radiation component can be
expressed as Ωr0¼2.469×10−5ðH0=100kms−1Mpc−1Þ−2×
ð1þ0.2271ð3.04ÞÞ. From the flatness condition we obtain

M ¼ 1 − Ωm0 −Ωr0

Ω2
m0 þ Ω2

r0
λ̂ð0Þ: ð3Þ

The deceleration parameter can be written as qðzÞ ¼
ðqIðzÞ þ qIIðzÞÞ=E2ðzÞ, where:

qIðzÞ≡ 1

2
Ωm0ðzþ 1Þ3 þΩr0ðzþ 1Þ4; ð4aÞ

qIIðzÞ≡ M

λ̂ðzÞ

�
2Ω2

m0ðzþ1Þ6þ3Ω2
r0ðzþ1Þ8

−
1

2λ̂ðzÞ
dλ̂ðzÞ
dz

½Ω2
m0ðzþ1Þ7þΩ2

r0ðzþ1Þ9�
�
: ð4bÞ

Notice that Eq. (2) andqðzÞ are reduced to those shown in [14]
when the brane tension is constant.
In order to explore thebackgroundcosmology,wepropose

the following ansatz for the VBT: λ̂ðaÞ ¼ a−n → λ̂ðzÞ ¼
ðzþ 1Þn, where n ∈ R is the free parameter and λ̂ð1Þ ¼
λ̂ð0Þ ¼ 1 for the scale factor and redshift respectively. Other

authors have analyzed the case λ̂ðaÞ ¼ 1 − a−1 → jλ̂ðzÞj ¼ z
[15–23]. This form (n ¼ 1) is inferred through the Eötvös
law λðTÞ ¼ KðTc − TÞ, whereK is a constant, Tc is a critical
temperature, and T ∼ a−1, is the Universe temperature (see
[17] for details). Therefore, from a phenomenological point
of view, our proposed λ̂ðzÞ could be a obtained from a
generalization of Eötvös law, similar to the Gauss theorem in
n-dimensions.

III. OBSERVATIONAL CONSTRAINTS

The free parameters are constrained by performing a
Bayesian MCMC analysis [28], with flat priors on
n∶½0; 20� and Ωm0∶½0; 1� and a Gaussian prior on
Ωb0∶0.02202� 0.00046. The observational data used are:

(i) H(z) measurements: We employ the most recent
observational Hubble data compiled by [29] and
references therein, which contains 31 points in the
range 0 ≤ z ≤ 1.965. We also consider the local
value H0 given by [30] as a Gaussian prior in
analysis. These HðzÞ measurements could be over-
estimated up to 25%, as claimed by [31].

(ii) SNIa data: we choose the full JLA sample by [32]
containing 740 observations in the interval
0.01 < z < 1.2. The sources of systematics identi-
fied in SN Ia analysis [33–37] are already considered
in the covariance matrix [32].

(iii) BAO data: Referencing [14], we use: dz≡
rsðzdÞ=DVðzÞ¼ 0.336�0.015 at redshift z ¼ 0.106
[6dFGS, 38], dz ¼ ð0.0870 � 0.0042; 0.0672 �
0.0031; 0.0593 � 0.0020Þ at z ¼ ð0.44; 0.6; 0.73Þ
[WiggleZ, 39,40], dz ¼ 0.2239� 0.0084 at z¼0.15
[SDSS-DR7, 41], dz ¼ ð0.1181� 0.0022;0.0726�
0.0007Þ at z ¼ ð0.32; 0.57Þ [BOSS-DR11, 42] and
DH=rd ¼ 9.07� 0.31 at z ¼ 2.33 [43].

(iv) CMB from Planck 2015 measurements: We use the
acoustic scale, lA ¼ 301.787� 0.089, the shift
parameter, R ¼ 1.7492� 0.0049, and the decou-
pling redshift, z� ¼ 1089.99� 0.29 obtained for a
flat w-cold dark matter model [5,44]. Although this
method could lead to biased constraints when used
in modified gravity models (see discussion in [45]),
this is a first approach.

Table I gives the chi-square and themeanvalues for the free
parameters using each data set. We obtain consistent Ωm0

mean values, within the 1σ of confidence level (CL), which
are also in agreement with those estimated for the standard
scenario (ΛCDM). The goodness-of-fit test for the joint
analysis ðHðzÞ þ SNIaþ BAOþ CMBÞ indicates that our
scenario fits the data with a 95% of reliability. We obtain
consistent values for the exponent nwithin the range∼½5.5 −
7.5� at 1σ CL. Figure 1 presents the 1D marginalized
posterior distributions and 2D at 68%, 95%, 99.7% of CL
for the brane parameters. Notice that there is a strong
correlation between n and Ωm0 (corrðn;Ωm0Þ ¼ 0.912),
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i.e. fluctuations onΩm0 within 1σ could yield n values larger
or smaller than 6.
Figure 2 shows the 68% and 99.7%λ0=ρc-n confidence

contours. Notice that they overlap at λ0=ρc ∼ 0.06, con-
firming that the λ0 constrains are consistent among them,
solving the tension between the observables found in [14].
Furthermore, the joint analysis value corresponds to a brane
tension of ∼1040 eV4 in the nucleosynthesis epoch, in
concordance with other observations [46,47]. We also infer,
from Eq. (3), a strong positive correlation of λ0 − Ωm0.
Figure 3 illustrates a good fit to H(z) (top panel) and the

reconstructed qðzÞ (bottom panel) for the model using the
mean values and the joint analysis. From the latter, we
obtain that the Universe starts an accelerated stage at
z ¼ 0.641� 0.018. The qðzÞ behavior for the model is
consistent with the CC within 1σ of CL, with qð0Þ ≃ −0.60
at z ¼ 0.
We compare the Akaike [48,49] and the Bayesian (BIC)

[49,50] information criteria between CB and ΛCDM
models using each data set. When the joint constraints

are considered, we obtain ΔAIC ∼ 5.6 and ΔBIC ∼ 0.95,
i.e., weak evidence in favor and not enough evidence
against of CB. We obtain a Bayes factor [51] of 1.6 that
gives a weak support of CB over ΛCDM as well.
As a main conclusion, considering that the data prefer

constraints consistent with n ¼ 6, we suggest that a brane
with VBT λðzÞ ¼ λ0ð1þ zÞ6.19�0.12 can mimic the DE
dynamics. Although at first glance this result seems trivial,
the origin of the acceleration is different to the one in the
standard scenario. In extra dimensional models the top-
ology influence the acceleration, obtaining in some cases
phantomlike DE. Our results are also consistent with those
explored in [52].
We also performed new parameter estimations using a

different Gaussian prior on h of [4]. We obtain that the
λ0=ρc-n contours from HðzÞ data shifts towards smaller
values of n (6.17þ1.00

−0.83 ) and larger values of λ0=ρc, but they
are still consistent at 3σ. In the SNIa analysis, the difference
in the λ0=ρc-n confidence contours is negligible. A
deviation of 3% on the n value (6.00þ0.10

−0.09 ) and a shift
down of the contours was found in the joint analysis. We
also consider smaller errors (0.75% of the original ones) on
the HðzÞ measurements, as suggested by [31], yielding to
smaller confidence contours and a deviation of 1%
(7.32þ0.82

−0.73 ) from our value of n. We use different priors

FIG. 1. 1D marginalized posterior distributions and the 2D
68%, 95%, 99.7% of CL for the Ωm0, h, and n parameters of the
brane model.

TABLE I. Mean values for the model parameters (Ωm0, h, n) derived from each data set and joint analysis.

Data set χ2min Ωm0 h n λ0ð10−12 eV4Þ
H(z) 14.46 0.318þ0.039

−0.042 0.730þ0.017
−0.017 7.400þ1.100

−0.926 3.20þ1.05
−0.95

BAO 9.49 0.297þ0.031
−0.028 0.718þ0.016

−0.016 6.730þ0.287
−0.289 2.62þ0.77

−0.57
CMB 3.64 0.288þ0.014

−0.013 0.732þ0.017
−0.017 6.420þ0.185

−0.185 2.52þ0.19
−0.17

SN Ia 691.10 0.231þ0.114
−0.120 0.731þ0.017

−0.017 5.580þ0.815
−0.568 1.48þ2.40

−1.16

Joint 716.43 0.31þ0.008
−0.008 0.706þ0.009

−0.009 6.190þ0.121
−0.120 2.81þ0.12

−0.11

FIG. 2. Confidence contours of the λ0=ρc-n parameters within
the 1σ and 3σ of CL for each cosmological data with
ρc ¼ 8.070 × 10−11h2 eV4.
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on the SNIa parameters and find that n is mainly affected by
the Ωm0 estimation. Therefore, although the different
systematics in the data introduce different bias in the
estimated constraints, the final results are all consistent
within the 3σ CL.

IV. SCALE FACTOR DYNAMICS

The Friedmann equation can be written as:

H0ðt− t0Þ¼
Z

a

a0

�
Ωm0

a
þΩr0

a2
þM

�
Ω2

m0

a4−n
þ Ω2

r0

a6−n

��−1=2
da:

ð5Þ
The solution of Eq. (5), using the mean value constraints, is
shown in Fig. 4 which reveals late times singularities for the
values presented in Table I. Future singularities at tsing times
are computed as tsing − ttoday ≃ 2H−1

0 ðn − 6Þ−1M−1=2Ω−1
0m.

Particularly, we observe singularities for the constraints
obtained from observations, being for the joint analysis
tsing ¼ 13.57H−1

0 . Notice that constraints relying only on
SNIa analysis do not predict future singularities.
The approximate analytical solution of the scale factor as

a function of time reads

aðtÞ≃
8<
:
h�

3−
n
2

�
αtþað6−nÞ=20

i
2=ð6−nÞ

; for n≠ 6;

a0 expðαtÞ; for n¼ 6;
ð6Þ

where α≡Ωm0M1=2H0. Notice that the d’Sitter expansion
for n ¼ 6, behaves like a CC.
An effective equation of state (EoS) is

ωeffðzÞ ¼
2qðzÞ − 1

3½1þ 2MEðzÞ2nbðzþ 1Þ−n�

þMEðzÞ2nbðzþ 1Þ−n½2qðzÞ − ð4 − nÞ�
3½1þ 2MEðzÞ2nbðzþ 1Þ−n� : ð7Þ

Therefore, the Universe accelerates when ωeff satisfies

ωeffðzÞ < −
1þMEðzÞ2nbðzþ 1Þ−nð4 − nÞ
3½1þ 2MEðzÞ2nbðzþ 1Þ−n� : ð8Þ

Notice that ωeffðzÞ from GR is not valid anymore in this
particular case.
Figure 5 shows the effective EoS evolution using the

joint constraints. Notice that ωeff → 1=3 at high redshifts
and ωeff → 0 at z ¼ 0. The inset shows the regionwhere the
condition (8) is satisfied (at z≲ 0.65whenweff < 0.00025),
i.e., when the Universe accelerates. This transition redshift

FIG. 3. The CB fitting to H(z) and reconstruction of the qðzÞ
(top and bottom panels respectively) using data constraints. The
ΛCDM dynamics is plotted for comparison.

H z

CMB

SN Ia

BAO

JOINT

CDM

0.0 0.5 1.0 1.5 2.0 2.5
0

1

2

3

4

5

6

H0 t

a

FIG. 4. Evolution of the scale factor, assuming a non singular
initial condition, using each data constraints. ΛCDM is shown for
comparison.

FIG. 5. Reconstruction of the effective EoS using the joint
constraints. The inset shows the current ωeff behavior. The
vertical dashed line marks the redshift where the condition of
Eq. (8) is satisfied, i.e., Universe acceleration for z ≲ 0.65.
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in the weff is consistent with the one obtained in the qðzÞ
reconstruction.

V. COSMOLOGICAL EVOLUTION

Proposing the following dimensionless variables:

x2 ≡Ωm ¼
�κ2ð4Þρm

3H2

	
; y2 ≡Ωr ¼

�κ2ð4Þρr
3H2

	
;

z2 ≡ 3H2

2κ2ð4Þλ0λ̂ðaÞ
; ð9Þ

where Ωλ¼ z2ðx4þy4Þ¼ 1−Ωm−Ωr and 1 ¼ x2 þ y2þ
z2ðx4 þ y4Þ, allows us to construct the following dynamical
system

x0

x
¼ −

3

2
þ 3

2
x2 þ 2y2 −

1

2
Π; ð10aÞ

y0

y
¼ −2þ 3

2
x2 þ 2y2 −

1

2
Π; ð10bÞ

z0

z
¼ n

2
−
3

2
x2 − 2y2 þ 1

2
Π; ð10cÞ

where Π≡ ½ðn − 6Þx4 þ ðn − 8Þy4�z2. Choosing as initial
condition the joint constraints, we obtain the evolution of
the density parameters (Fig. 6). At early times, the Universe
is dominated by the radiation component, afterwards, the
matter becomes the dominant. At late times, the Universe is
dominated by the CB dynamics. This scenario predicts the
same cosmological evolution as the standard one.

VI. CONCLUSIONS AND DISCUSSION

We constructed a brane world model which produces an
accelerated Universe without a DE component. We present
a new way of building RS models using a VBT λðzÞ, called
chrono-brane. We introduce the ansatz λðzÞ ¼ ðzþ 1Þn,
inspired by tracker-scalar-field potentials, arising from the

space-time structure. To constrain the n exponent, the
matter content, and the dimensionless Hubble parameters
we used cosmological observations. We found consistent
mean values for the different parameters using each set of
observational data. From the joint analysis we estimated
n ∼ 6.19� 0.12, i.e. it provides a term in the Friedmann
equation which mimics the DE dynamics very close to a
CC. In addition, Ωm0 and h are in agreement with the
standard values. Our model also alleviates the tension
among the λ0 constraints obtained from the cosmological
data and those from high-energy-regime. For example, we
obtain from the joint analysis λ ¼ 8.35 × 1040 eV4 at z ∼
3 × 108 for nucleosynthesis epoch, that would not affect
well-established primordial processes. For z ¼ 0, we
have λ ¼ 2.81 × 10−12 eV4.
All of our cosmological constraints give a good fit to H(z)

data and predict a phase of accelerated expansion at z ∼ 0.6.
Our results on the scale factor evolution exhibits a future
singularity. We reconstructed the cosmological behavior of
an effective EoS and found that the Universe accelerates
when ωeff < 0.00025 at z < 0.65, obtaining qð0Þ ≃ −0.60.
We studied the density parameter for each component and
recovered a value that is the same as the standard one. This is
a key result because a CB successfully reproduces the
concordance model and provides clues to the DE nature
and the late cosmic acceleration.
Reference [53] explore the consequences of a simple

brane model with constant brane tension on the CMB
spectrum. The authors show that at large scales the temper-
ature anisotropy caused by Sachs-Wolfe (SW) effect is the
same as the canonical one. They also claim that at very small
scales the effects of branes are negligible. Nevertheless, on
scales up to the first CMB acoustic peak, the brane terms
considerably modify the peak amplitude and position (see
[54] for the effect of dynamical DE perturbations on the
integrated SW effect). This implies a change in the CMB
distance posteriors and in the brane constraints that we have
obtained. It is important to notice that these results could also
be applicable for the case of variable brane tension.
However, to assess the impact of the brane perturbations,
a full CMB analysis should be carried out, which is beyond
of the scope of this article.
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from SNI-México; Instituto Avanzado de Cosmología
(IAC) collaborations. The authors thankfully acknowledge
computer resources, technical advise and support provided

by Laboratorio de Matemática Aplicada y Cómputo de Alto
Rendimiento del CINVESTAV-IPN (ABACUS), Proyecto
CONACYT-EDOMEX-2011-C01-165873.

[1] B. P. Schmidt, N. B. Suntzeff, M.M. Phillips, R. A.
Schommer, A. Clocchiatti et al., Astrophys. J. 507, 46 (1998).

[2] S. Perlmutter, G. Aldering, G. Goldhaber, R. A. Knop, P.
Nugent, others, and T. S. C. Project, Astrophys. J. 517, 565
(1999).

[3] A. G. Riess, A. V. Filippenko, P. Challis, A. Clocchiatti, A.
Diercks et al., Astron. J. 116, 1009 (1998).

[4] P. A. R. Ade et al. (Planck Collaboration), Astron.
Astrophys. 594, A13 (2016).

[5] P. A. R. Ade et al. (Planck Collaboration), Astron.
Astrophys. 594, A14 (2016).

[6] S. Alam et al. (BOSS Collaboration), Mon. Not. R. Astron.
Soc. 470, 2617 (2017).

[7] E. J. Copeland, M. Sami, and S. Tsujikawa, Int. J. Mod.
Phys. D 15, 1753 (2006).

[8] Planck Collaboration et al., Astron. Astrophys. 571, A16
(2014).

[9] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989).
[10] Y. B. Zel’dovich, Soviet Physics Uspekhi 11, 381 (1968).
[11] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).
[12] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999).
[13] G. R. Dvali, G. Gabadadze, and M. Porrati, Phys. Lett. B

485, 208 (2000).
[14] M. A. Garcia-Aspeitia, J. Magaña, A. Hernandez-Almada,

and V. Motta, Int. J. Mod. Phys. D 27, 1850006 (2018).
[15] J. M. Hoff da Silva, Phys. Rev. D 83, 066001 (2011).
[16] E. Guendelman, A. Kaganovich, E. Nissimov, and S.

Pacheva, in Proceedings, 1st Advanced Research Workshop
on Gravity, Astrophysics, and Strings at the Black Sea
(GAS@BS 2002): Kiten, Bulgaria, 2002, http://inspirehep
.net/record/598997/files/arXiv:hep-th_0210062.pdf.

[17] L. A. Gergely, Phys. Rev. D 79, 086007 (2009).
[18] R. Aros and M. Estrada, Commun. Theor. Phys. 68, 595

(2017).
[19] D. Bazeia, J. M. Hoff da Silva, and R. da Rocha, Phys. Rev.

D 90, 047902 (2014).
[20] R. Casadio, J. Ovalle, and R. da Rocha, Classical Quantum

Gravity 31, 045016 (2014).
[21] R. da Rocha and J. M. Hoff da Silva, Phys. Rev. D 85,

046009 (2012).
[22] M. C. B. Abdalla, J. M. H. da Silva, and R. da Rocha,

Phys. Rev. D 80, 046003 (2009).
[23] R. Casadio and R. da Rocha, Phys. Lett. B 763, 434 (2016).
[24] L. A. Gergely, Phys. Rev. D 78, 084006 (2008).
[25] K. C. Wong, K. S. Cheng, and T. Harko, Eur. Phys. J. C 68,

241 (2010).
[26] T. Shiromizu, K. Maeda, and M. Sasaki, Phys. Rev. D 62,

024012 (2000).
[27] R. Maartens, Phys. Rev. D 62, 084023 (2000).

[28] D. Foreman-Mackey, D. W. Hogg, D. Lang, and J.
Goodman, PASP 125, 306 (2013).

[29] J. Magana, M. H. Amante, M. A. Garcia-Aspeitia, and V.
Motta, Mon. Not. R. Astron. Soc. 476, 1036 (2018).

[30] A. G. Riess et al., Astrophys. J. 826, 56 (2016).
[31] J.-J. Wei, F. Melia, and X.-F. Wu, Astrophys. J. 835, 270

(2017).
[32] M. Betoule et al. (SDSS Collaboration), Astron. Astrophys.

568, A22 (2014).
[33] A. J. Conley, R. G. Carlberg, J. Guy, D. A. Howell, S. Jha,

A. G. Riess, and M. Sullivan (SNLS Collaboration),
Astrophys. J. 664, L13 (2007).

[34] A. Conley et al., Astrophys. J. Suppl. Ser. 192, 1 (2011).
[35] D. Scolnic et al., Astrophys. J. 795, 45 (2014).
[36] D. M. Scolnic, A. G. Riess, R. J. Foley, A. Rest, S. A.

Rodney, D. J. Brout, and D. O. Jones, Astrophys. J. 780,
37 (2014).

[37] J. Mosher et al., Astrophys. J. 793, 16 (2014).
[38] F. Beutler, C. Blake, M. Colless, D. H. Jones, L. Staveley-

Smith, L. Campbell, Q. Parker, W. Saunders, and F. Watson,
Mon. Not. R. Astron. Soc. 416, 3017 (2011).

[39] E. A. Kazin et al., Mon. Not. R. Astron. Soc. 441, 3524
(2014).

[40] Y. Gong, Y.-Z. Ma, S.-N. Zhang, and X. Chen, Phys. Rev. D
92, 063523 (2015); 92, 109905(A) (2015).

[41] A. J. Ross, L. Samushia, C. Howlett, W. J. Percival, A.
Burden, and M. Manera, Mon. Not. R. Astron. Soc. 449,
835 (2015).

[42] L. Anderson et al. (BOSS Collaboration), Mon. Not. R.
Astron. Soc. 441, 24 (2014).

[43] J. E. Bautista et al., Astron. Astrophys. 603, A12
(2017).

[44] J. Neveu, V. Ruhlmann-Kleider, P. Astier, M. Besanon, J.
Guy, A. Muller, and E. Babichev, Astron. Astrophys. 600,
A40 (2017).

[45] U. Alam, S. Bag, and V. Sahni, Phys. Rev. D 95, 023524
(2017).

[46] C. Germani and R. Maartens, Phys. Rev. D 64, 124010
(2001).

[47] R. Maartens, Living Rev. Relativity 7, 7 (2004).
[48] H. Akaike, IEEE Trans. Autom. Control 19, 716 (1974).
[49] K. Shi, Y. Huang, and T. Lu, Mon. Not. R. Astron. Soc. 426,

2452 (2012).
[50] G. Schwarz, Ann. Stat. 6, 461 (1978).
[51] A. F. Jarosz and J. Wiley (SNLS), Journal of Problem

Solving 7, 1 (2014).
[52] G.-B. Zhao et al., Nat. Astron. 1, 627 (2017).
[53] K. Koyama, Phys. Rev. Lett. 91, 221301 (2003).
[54] H. K. Jassal, Phys. Rev. D 86, 043528 (2012).

MIGUEL A. GARCÍA-ASPEITIA et al. PHYS. REV. D 97, 101301 (2018)

101301-6

https://doi.org/10.1086/306308
https://doi.org/10.1086/307221
https://doi.org/10.1086/307221
https://doi.org/10.1086/300499
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525814
https://doi.org/10.1051/0004-6361/201525814
https://doi.org/10.1093/mnras/stx721
https://doi.org/10.1093/mnras/stx721
https://doi.org/10.1142/S021827180600942X
https://doi.org/10.1142/S021827180600942X
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1103/RevModPhys.61.1
https://doi.org/10.1070/PU1968v011n03ABEH003927
https://doi.org/10.1103/PhysRevLett.83.3370
https://doi.org/10.1103/PhysRevLett.83.4690
https://doi.org/10.1016/S0370-2693(00)00669-9
https://doi.org/10.1016/S0370-2693(00)00669-9
https://doi.org/10.1142/S0218271818500062
https://doi.org/10.1103/PhysRevD.83.066001
http://inspirehep.net/record/598997/files/arXiv:hep-th_0210062.pdf
http://inspirehep.net/record/598997/files/arXiv:hep-th_0210062.pdf
http://inspirehep.net/record/598997/files/arXiv:hep-th_0210062.pdf
https://doi.org/10.1103/PhysRevD.79.086007
https://doi.org/10.1088/0253-6102/68/5/595
https://doi.org/10.1088/0253-6102/68/5/595
https://doi.org/10.1103/PhysRevD.90.047902
https://doi.org/10.1103/PhysRevD.90.047902
https://doi.org/10.1088/0264-9381/31/4/045016
https://doi.org/10.1088/0264-9381/31/4/045016
https://doi.org/10.1103/PhysRevD.85.046009
https://doi.org/10.1103/PhysRevD.85.046009
https://doi.org/10.1103/PhysRevD.80.046003
https://doi.org/10.1016/j.physletb.2016.10.072
https://doi.org/10.1103/PhysRevD.78.084006
https://doi.org/10.1140/epjc/s10052-010-1348-9
https://doi.org/10.1140/epjc/s10052-010-1348-9
https://doi.org/10.1103/PhysRevD.62.024012
https://doi.org/10.1103/PhysRevD.62.024012
https://doi.org/10.1103/PhysRevD.62.084023
https://doi.org/10.1086/670067
https://doi.org/10.1093/mnras/sty260
https://doi.org/10.3847/0004-637X/826/1/56
https://doi.org/10.3847/1538-4357/835/2/270
https://doi.org/10.3847/1538-4357/835/2/270
https://doi.org/10.1051/0004-6361/201423413
https://doi.org/10.1051/0004-6361/201423413
https://doi.org/10.1086/520625
https://doi.org/10.1088/0067-0049/192/1/1
https://doi.org/10.1088/0004-637X/795/1/45
https://doi.org/10.1088/0004-637X/780/1/37
https://doi.org/10.1088/0004-637X/780/1/37
https://doi.org/10.1088/0004-637X/793/1/16
https://doi.org/10.1111/j.1365-2966.2011.19250.x
https://doi.org/10.1093/mnras/stu778
https://doi.org/10.1093/mnras/stu778
https://doi.org/10.1103/PhysRevD.92.063523
https://doi.org/10.1103/PhysRevD.92.063523
https://doi.org/10.1103/PhysRevD.92.109905
https://doi.org/10.1093/mnras/stv154
https://doi.org/10.1093/mnras/stv154
https://doi.org/10.1093/mnras/stu523
https://doi.org/10.1093/mnras/stu523
https://doi.org/10.1051/0004-6361/201730533
https://doi.org/10.1051/0004-6361/201730533
https://doi.org/10.1051/0004-6361/201628878
https://doi.org/10.1051/0004-6361/201628878
https://doi.org/10.1103/PhysRevD.95.023524
https://doi.org/10.1103/PhysRevD.95.023524
https://doi.org/10.1103/PhysRevD.64.124010
https://doi.org/10.1103/PhysRevD.64.124010
https://doi.org/10.12942/lrr-2004-7
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1111/j.1365-2966.2012.21784.x
https://doi.org/10.1111/j.1365-2966.2012.21784.x
https://doi.org/10.1214/aos/1176344136
https://doi.org/10.7771/1932-6246.1167
https://doi.org/10.7771/1932-6246.1167
https://doi.org/10.1038/s41550-017-0216-z
https://doi.org/10.1103/PhysRevLett.91.221301
https://doi.org/10.1103/PhysRevD.86.043528

