arXiv:2411.11743v1 [astro-ph.CO] 18 Nov 2024

Bridge the Cosmological Tensions with Thawing Gravity

Gen Yd
Institute Lorentz, Leiden University,

PO Bozx 9506, Leiden 2300 RA, The Netherlands

Abstract

It is found that a non-minimally coupled scalar tensor theory, Thawing Gravity (TG), can
explain multiple tensions plaguing the standard cosmological model ACDM while fitting better
to observations than the latter. Using the standard Bayes model comparison method, TG has
moderate evidence over ACDM with a Bayes factor In B = +1.5 in the baseline analysis including
CMB, BAO and SNIa. In the baseline+Hq analysis which further takes into account the Cepheids
calibration of the SNIa distance ladder from SHOES, TG has very strong evidence over ACDM
with In B = +11.8. In particular, TG yields Hy = 71.78 £ 0.86 km/s/Mpc and Sg = 0.793 +0.012,

consistent with both local Hy measurement and the large scale structure surveys.
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I. INTRODUCTION

The past two decades have seen great success of the standard model of cosmology, the cos-
mological constant cold dark matter model (ACDM), which provides satisfying description
to most cosmological observations with only six parameters. Nevertheless, studies in re-
cent years center around the cosmological tensions, inconsistencies with various significance

between ACDM and recent observations [IH3].

Most significantly, there is the Hubble tension [4} 5] where the locally measured expansion
rate of the Universe, Hy = 73.04 +1.04 km/s/l\/[pc_1 reported by the SHOES group [0], is in
> 50 tension with that, e.g. Hy = 67.6640.42 km/s/Mpc~ ' by Planck [7], derived from the
ACDM model calibrated by the cosmic microwave background (CMB) and baryon acoustic

oscillations (BAO), two of the most robust cosmological observations.

There is also the so-called Sy tension [§], in which the parameter Sy = 0g1/Q,,/0.3
measured by the galaxy weak lensing surveys is usually 2 — 30 lower than that derived from
CMB and BAO calibrated ACDM. og is the standard deviation of linear matter density
fluctuation in a sphere with radius 8 h~!Mpc, and the matter fraction €, is included in
the definition to account for inherent cosmic shear degeneracy. The Sg tension is far less
significant than the Hubble tension, in particular the most recent measurement from DESY3

and KiDS reduces it from a tension to a marginal agreement at 1.7 with the Planck result

based on CMB calibrated ACDM [9].

More recently, DESI reported a new inconsistency with ACDM in its first year BAO mea-
surement [10]. When further combined with CMB and type la supernovae (SNIa) distance
ladder observations from either Pantheon+ [11], Union [12] or DES Y5 [13], this yields pref-
erence for dynamical dark energy (DE) over a cosmological constant A at 2.50, 3.5¢ or 3.90
respectively [10]. Whether it is driven by systematics or not is still under discussion [14-26].
Even without SNla, it is still important that the new DESI results, for the first time in the
past two decades, reveals inconsistency in ACDM between CMB and BAO, which probe
with great precision the same sound horizon scale at times separated by billions of years,

thus forming one of the most stringent consistency tests of the cosmological model.

Ye et al. [27] suggests that, if the DESI and SNIa finding is not significantly biased
by systematics, these observations further indicate phantom crossing in DE at z < 1, and

signal modified gravity (MG), especially non-minimal coupling between gravity and matter,
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FIG. 1. 68% and 95% posterior distributions of Hy and Sg for all models in the baseline+H

analysis. Gray bands mark the 1o and 20 region of the locally measured Hy [6] and Sg [9].

on cosmological scales. Based on these insights, Ye et al. [27] suggested a covariant effective

field theory (EFT) of gravity on cosmological scales, dubbed Thawing Gravity (TG),

5= [wtv=g | iR+ X - V(o) + Salaud )

where X = —1¢""V,¢V,¢ and the reduced Planck mass M2 = (87Gy)~!, Gy being the
Newtonian constant today. V(¢) is assumed to be the DE potential that supports accelerated
expansion. There is no strong constraint from observation on the form of the DE potential
V(). Recently it is suggested that using a hill-top form for V' (¢) might be preferrable [28].
Though originally proposed to explain the DESI finding, this paper studies TG as a full
cosmological model and confronts it with state-of-the-art observations of CMB, BAO, SNIa
as well as large scale structure (LSS) and local measurement of Hy. The resutls indicate
that TG is a promising cosmological model that naturally addresses the major cosmological
tensions, see Fig. Based on the Jeffreys scale [29], with CMB, BAO and SNIa alone, TG
yields moderate evidence over ACDM with a Bayes factor In B = +1.5. The evidence of
TG over ACDM becomes very strong with In B = +11.8 when the SHOES calibration of
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SNIa is included, because TG also resolves the Hubble tension. At early times, TG behaves
effectively as early dark energy (EDE) [30], 31], see also e.g. [32H35] and [36], 37] for recent
reviews of EDE, but does not suffer from the coincidence problem of EDE (i.e. “why does the
EDE contribution become significant precisely close to matter-radiation equality”) nor the
exacerbated Sg tension [38], because the TG field is naturally triggered at matter-radiation
equality when the background Ricci curvature becomes comparable to the Hubble energy
scale and the associated MG effect cures the enhancement in Ss. As a result, TG also yields
moderate evidence over EDE with a Bayes factor In B = +2.3.

Section[lT] describes the theoretical aspects of TG, with screening discussed in Ap-
pendixJAl The data analysis setup and methods are described in Section[lIl, The key
results are presented and discussed in Section[[V], with large plots and tables collected in

Appendix[B] Section[V] provides a short summary.

II. THAWING GRAVITY

The corresponding Einstein and scalar field equations of TG (/1)) are
1

f G+ Of g = Vi Vo f = 35 [T + T3] 2)
p
M2
~0p = - f'R=V' (3)

where Tﬁf) = Puty + g [X — V] and T is the stress energy tensor for the matter. The

scalar field has an effective potential
2

Vi = 2 RF(6) - V(9). (@
Following Ye et al. [27] T adopt the exponential potential V' = Vjexp(—A¢/M,) typical for
DE E|, and the non-minimal coupling function f(¢) = 1 — &(¢/M,)?, which captures the
common structure around a local minima of a general f(¢). An interesting feature of such
forms of non-minimal coupling is the existence of a GR attractor, which appears if f(¢) has

a local minimum and R dominates over V' in the early times (still in matter domination)

27, 39].

1 Ref.[28] reported that a hill-top potential might provide a better fit to data than an exponential one when
more than half of the numerical analysis in this paper has already completed. Using the new potential

will only further strengthen the conclusions of this paper.
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FIG. 2. Evolution of the scalar field and runing of the Planck mass AMZ?/M2 = MgH/Mg —-1=
—&(¢ /Mp)2 in the GR attractor and scaling solutions. The vertical gray lines mark the approximate

position of thawing z; ~ 1 and the matter-radiation equality z., ~ 3500.

In an FRW background, Eqs. and (3 simplify to

3MZH? [1— £(6/M,)”] — 18660H = 20% + V(6) + pu (5)
¢+3H¢+V¢+6<2+ﬁ>£}lgb:0. (6)

Since V' (¢) is the DE potential, in both the radiation dominant (RD) and matter dominant
(MD) eras one has V/H? < 1,V,/H? < 1. Therefore one can neglect V(¢) and obtain the

following approximate solution in RD and MD respectively

gbini RD,

¢~ _ /9 —A]F 7
Gini €XP it 49 48£(N—Ni) MD, ()

where N = Ina/aqy is the e-folding number. According to Eq., the field stays nearly constant
during RD. Physically, this is because R < H? in RD and the field is frozen by the Hubble

friction. It begins to roll when the Universe switches to MD near matter-radiaiton equality
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and R ~ O(H?). At this time TG effectively acts as an EDE component and reduces the
sound horizon near recombination, resulting in a larger Hubble constant compatible with
local measurements. Therefore TG provides a natural explanation of the Hubble tension but
does not suffer from the coincidence problem plaguing the the EDE theories. The evolution

of TG after recombination falls into two categories depending on the value of &:

e GR attractor (£ > 3/16) This is the case studied in Ye et al. [27]. The square root
is imaginary in Eq., turning the exponential term into an oscillator. The field will
go through damped oscillation around the minimum of Vg at ¢ ~ 0 and finally stay

there, reproducing GR where the non-minimal coupling effect is negligible.

e Scaling solution (¢ < 3/16) Both the + modes of the MD solution are decaying in
this case, but the “—” mode decays faster than the “+” mode and quickly becomes
negligible compared with the latter. Therefore it is sufficient to only consider the “+4”
mode. In this scenario the field adopts a scaling relation ¢ ~ ¢ya™, 0<y < 3/4

and never reaches the minimum of V.g during MD.

In the DE dominating era, the field evolution depends on V(¢) and cannot be described in
general. Fig[2l demonstrates the field evolution in both of the dynamical scenarios.
Lagrangian of TG is not Chameleon screened. However, as Eq is only an EFT of
some yet unknown UV-complete gravitational theory on the cosmological scale, it cannot be
naively applied to small non-cosmological scales, because new operators will become impor-
tant when one goes beyond the EFT cutoff energy. In fact, TG (|l) can be made properly
screened and passing the state-of-the-art experimental constraints on MG by considering
only one additional higher order EFT term, see Appendix[A] Therefore, the rest of the pa-
per assumes that TG is properly screened, i.e. it does not violate any local tests of gravity.
In particular, this ensures that TG does not impact the micro physics of Cepheids or SNIa
[40H43] so one can consistently constrain TG with SNIa data as well as use the SHOES

calibration.

III. DATA AND METHODOLOGY

This paper considers the following datasets:



Cosmological (ACDM) Paramters

Model Parameters

Qyh? U[0.020, 0.025]
Q.h? U[0.1,0.15]
Hy U[60, 80
In 10194, U[3.0,3.1]
N U[0.9,1.1]
T U[0.04,0.1]

wO,DE U[—S, 1]
Wq,DE U[-3,2]

logyp & L{[—4, 1]

loglo QO U[—3, —05]

logijpa  U[-2,2]

In(1+z) U[7,10]

fede U[10_4, 0-3]
Oini U[1072, 3.1]

TABLE I. Uniform priors for all cosmological and model parameters.

BAO: The DESI DR1 BAO measurement [10].

calibration of SNIa.
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CMB: The CamSpec version of Planck PR4 high-¢ TTTEEE [44] data; Planck 2018
low-¢ TTEE [7] data; CMB lensing of Planck PR4 [45].

SNIa: Light curve observations of 1550 type Ia Supernovae (SNIa) compiled in the

Pantheon+ sample [I1], with a single nuisance parameter M,, the absolute magnitude

Hy: SNIa absolute magnitude calibration by Cepheids in the host galaxies of 42 SNIa
from the SHOES group [6].

LSS: Galaxy weak lensing (shear) measurement from DES Y1 [46].

The baseline dataset consists of CMB+BAO-+SNIa. Since non-linear correction is not yet
well-understood in TG, for LSS I use the shear only measurement from DES Y1 with its
conservative scale cuts, which does not depend on galaxy bias and only requires the linear
power spectrum of the Weyl potential. To compute background and linear cosmology the
latest developer version of EFTCAMB [47) 48] is used, based on the Einstein-Boltzmann solver
CAMB [49]. Due to the highly non-Gaussian nature of the TG parameter posteriors, the
nested sampler PolyChordLite [50} [51] interfaced with Cobaya [52, 53], is used to derive the
posteriors. Bayes evidence is computed from the nested sampling output using anesthetic

[54]. All data and likelihoods used are publicly available with Cobaya.



All models considered have a common set of cosmological parameters, namely the cold
dark matter and baryon density, w. = Q.h? and w, = Qh?; the Hubble constant Hy; the
amplitude A, and spectrum index n, of the primordial curvature perturbations; and the
effective optical depth 7 of the reionization process. Current photon temperature is fixed
to the measured value Teyp = 2.7255 K [55, [56]. Following Planck [7], neutrino is modeled
as two massless and one massive (m, = 0.06 eV) reproducing Neg = 3.044 [57-59] and
initial temperature 7, = (4/11)"/3Teyp. The standard ACDM and wyw,CDM model are
included in the analysis as reference. In the latter DE is modeled as a fluid with the CPL
equation of state wpg(a) = wo + we(1 — a) [60, 6I] with its perturbations described in the
post-Friedmann framework [62].

As explained in sectiondII TG also naturally realizes EDE and solves the Hubble tension.
Therefore the original axion-like EDE model [31] is also included for comparison. The model
has three new parameters, namely the redshift position z. and height f.qe of the EDE energy
fraction peak and the EDE field initial position Oy, see [31] for details.

Besides the cosmological parameters, TG introduces three new model parameters, the
non-minimal coupling &, the scalar field initial value ¢y,; and the DE potential parameter
A. Ye et al. [27] assumes the GR attractor case (¢ > 3/16) to fix the field initial value
¢ = 0. For full generality ¢y, is varied in this paper. By Eq.@, the scalar field is frozen
by the Hubble friction during MD thus one can fix ¢,; = 0. In practice, the more physically

intuitive parameter
Qo = —&(Pimi/M,)? (8)

is sampled in place of ¢y,;. 2y parametrizes the fractional difference in gravity strength
between the initial time in RD and today. Similarly, the DE potential parameter A is also
replaced with

L/\%—,\%i/MP N Voo (Pini) 9)

“ T 3mEM? Ro
where Ry is the curvature today. a characterizes the time when the DE potential V' (¢) dom-
inates over the curvature dependent part in V.g and sources non-minimal coupling (gravity
thaws). In particular @ < 1 indicates that V' (¢) never dominates the field evolution until
today (gravity never thaws).

Table[l| summarizes the priors for all cosmological and model parameters used in this pa-

per. Some beyond ACDM models have larger volume of unphysical region near the boundary
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wow,CDM |[EDE| TG

Baseline -1.4 -0.6 | +1.5

Baseline+LSS -1.4 - +0.5

Baseline+ Hj +4.6 +9.5[+11.8

TABLE II. Bayes factors In B = In Z,,,0qe1 — In Zpcpm compared with ACDM for all models studied.

of prior parameter space than ACDM, leading to reduced prior volume than ACDM and thus
potentially bias the Bayes factor in favor of the beyond ACDM theory. To minimize this
effect, priors chosen in Table are tighter (but still wide enough to be uninformative) than

those typically used in Monte Carlo Markov chain type of analysis.

IV. RESULTS

Table[l]] summarizes the Bayes factors of wow,CDM, EDE and TG over ACDM. TG
stands out as the best of all, with moderate evidence over the second best in all of the anal-
ysis. Especially, with only the baseline data (CMB+BAO-+SNIa), TG is already moderately
preferred over ACDM and shows moderate and strong evidence over EDE and wqw,CDM
respectively. This is because TG improves fit to all data, especially the new DESI observa-
tion [27]. In baseline+Hy, both TG and EDE have very strong evidence over ACDM due
to the resolution of the Hubble tension, while TG still maintains moderate advantage over
EDE with In B = +2.3. This can be attributed to the fact that TG induces stronger gravity
during CMB which negates the need to significantly increase w;, and w. to compensate for
the scalar field’s impact on CMB [63]. In contrast, such parameter shifts for compensation
are ubiquitous in EDE which slightly degrades the CMB fit and causes tension with LSS
[38, 164} 65]. Interestingly, according to Appendix., the preference for a more scale-invariant
primordial curvature spectrum (n shifting larger) [65H70] is still present in TG. The state of
the cosmological tensions is summarized in Fig[l] which plots the Hy — Sg posterior distribu-
tion for all models in the most constrained baseline+H| analysis. In the following only the
results most relevant to the main topic of this paper are shown, while the detailed posterior
results and large plots can be found in Appendix{B|

At frist note, a peculiarity of Table[[T] is that wow,CDM is disfavored over ACDM in
the baseline analysis, opposite to what DESI has found, i.e. a In B ~ +0.65 preference for
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FIG. 3. Comparison of priors (gray histograms) and posterior distributions (lines) of the TG model
parameters for the baseline, baseline+LSS and baseline+H analysis. Left panel: the thawing time
parameter a defined by Eq.@. The vertical black line marks o = 0.1, left of which gravity does not
thaw. Middle panel: Qo= M 825 /Mg — 1 parametrizes the fractional difference in gravity strength
between the initial radiation dominating era and today. Right panel: the non-minimal coupling
parameter {. The vertical black line marks the value £ = 3/16 which separates the GR attractor

solutions with the scaling solutions as explained in Section [II]

wow,CDM [10], using also CMB+DESI+4PantheonPlus. This might be attributed to the
different CMB data (Planck PR4 v.s. PR3), prior choices (as explained in Section/II)) and
codes (CAMB v.s. CLASS) used [}

According to the discussion about Eq.@ in Section, one could use a > 0.1 as a rough
criteria for whether gravity thaws or not during DE dominance. Figf3] compares the prior
of o with its posterior, showing that signs of thawing is recovered by all analysis. Despite
of a reduced prior volume in a > 1 E|, the posterior distributions of « all display visually
clear preference for thawing (o > 0.1) in Fig which is quantitatively > 1o according to
Appendix-{B]

Another interesting finding is that, without any Hj related data to drive the preference
for a non-vanishing ¢y, it is found Q5 # 0 at 2 20 (defined as the prior lower bound
outside of the 20 posterior range) for both the baseline and baseline+LSS analysis. As
depicted in Fig both analysis show a broad peak at €y ~ O(1072), implying a 20 sign

2 T have performed the ACDM and wow, CDM analysis with exactly the same prior setting and data as DESI
but with CAMB (DESI used CLASS), which still yields wow,CDM disfavored over ACDM with In B = —1.6.

Further investigation is ongoing to identify the origin of this difference.

3 Too large o means very early thawing and ¢ displaces too much away from zero, resulting in a small or

even negative Gt that leads to solver crash, thuk(he smaller prior volume.



of early MG, i.e. gravity being percent level stronger than today, during and before the
CMB time in the baseline data. Adding SHOES calibration to SNIa in baseline+H, which
is expected to prefer a EDE-like energy peak near matter-radiaition equality thus a non-zero
G and Qo = &(pimi/M,)? to solve the Hubble tension, the posterior of Qg narrows down to
Qo = 0.037 £ 0.009, compatible with the results without H, data and corresponding to a
> 40 detection of early MG in TG.

Signs of non-minimal coupling £ # 0 has also been recovered from all analysis, which is
> 1o for baseline and baseline+LSS and > 4o for baseline+H,. Fig[3|shows that, despite the
preference for & # 0, without H, related observation the data cannot distinguish between
the two dynamical scenarios, GR attractor and scaling, and the posterior distribution of
¢ is a broad bi-model plateau with two sub-peaks corresponding to the two cases. Ye et
al. [27] implicitly imposed a prior lower bound ¢ 2 0.2 thus studied only the GR attractor
sub-case of TG. Previous exploration of non-minimally coupled EDE also mainly focused
on the £ 2 0.1 part of the parameter space by choosing a uniform prior on ¢ [71H74]. In
contrast, the analysis presented here has moderate more cover of the small £ parameter space
by sampling in log scale, which surprisingly, reveals the fact that it is the £ < 3/16 scaling
scenario that is actually more cosmologically preferred than the £ > 3/16 case. Even in the
baseline, one notice that the main sub-peak of the two being that corresponds to the scaling
solutions. Adding the Hubble tension data further pins down the dynamics to scaling and

excludes the GR attractor scenario at > 5o.

V. CONCLUSION

In this paper I assessed the credibility of Thawing Gravity as a cosmological model using
CMB, BAO, SNIa and LSS data. While originally proposed to explain the recent DESI ob-
servation by Ye et al. [27], TG performs surprisingly well in the baseline CMB-+BAO+SNIa
analysis, showing moderate evidence over ACDM with a Bayes factor In B = 4+1.5. Mean-
while, TG also offers a natural explanation to the Hubble tension, and is very strongly
preferred over ACDM with In B = +11.8 in the baseline+H, analysis, while remaining
consistent with LSS thanks to the MG effect.

The baseline TG analysis highlights the possiblity of early MG with €}y # 0 at 20, which

effectively parametrizes the fractional difference in gravity strength between the CMB era
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and today. Taking the SHOES calibration of the distance ladder into consideration, the
finding is consistent with baseline but has much improved precision, turning the 2 hint
into a > 40 detection of early MG in TG. Further study is ongoing to explore the effect of
MG during CMB and even earlier times.

As emphasized in the main text, TG should be viewed as an EFT valid on the cosmologi-
cal scale and care must be taken when applying it to small scales. Using the explicit example
TG; Appendix{A] confirmed that in the weak field regime TG is equivalent to general rela-
tivity on small scales when higher order EFT operators negligible on the cosmological scale
are taken into account. Note that TGy can still be properly screened even if the higher order
operator becomes relevant at the CMB time, which will be studied in a future work. This
paper used the relatively old DES Y1 shear only data to constrain TG due to ambiguity
in the non-linear regime. Research is currently ongoing to better understand screening and
non-linear growth in TG so that one can confront it with full LSS data (shear and clustering)
from current and future surveys. It would also be interesting to consider TG-like EFTs in

the strong field regime near compact objects.
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Appendix A: Screened Thawing Gravity

For the exponential potential studied in the main text, TG is not screened. This
can be seen by writing Eq. in spherical coordinates (assuming static spherical symmetric
scalar profile and neglecting metric backreaction)

Py 2o

— 4 - —%f’RjLV’N—lf’p +V' =V (A1)
dr?2  rdr 2 B A off
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FIG. 4. Screening of the MG effect in TGg . The scales included are the soloar system scale 14, ~
1.45 x 10710 Mpc, the screening scale r, = 1 kpc and the Milky Way scale 74,1 = 8 kpc. Left panel:
The radial scalar field profile. Right panel: Factional change in the Newtonian constant AG/Gn =
Get/GNn — 1 and the post-Newtonian parameters vpy and Opy. Gray shaded region marks a rough
estimate of the running in the Newtonian constant that can bias current measurements of the SNIa
distance ladder. The dashed gray line marks 107°, the typical size of curret experimental upper

bounds on the post-Newtonian parameters [77].

where
Vir(0) = 5Epme? +V. (A2)

To Chameleon screen the MG effect, ¢ must change from its cosmological value to ¢ = 0
in high density regions. implies ¢ can only change on a length scale L;% ~ &pp, /]\/[p2
However, for the Earth with a mean density p ~ 10°%kg/m?, L, ~ ¢~Y20(10%km); for the
Milky Way with a mean density of p ~ 0.4GeV /cm?, Ly ~ £7Y/20(Mpc). With & < 1 both
are much larger than the size of the corresponding object, meaning that the MG effect is
unscreened.

However, as argued in the main text, TG should be viewed as an EFT describing gravity
on cosmological scales. Concluding TG to be unscreened using Lagrangian (|1)) is not theo-

retically consistent because new operators will appear once one goes beyond the EFT cutoff

1

energy. A simple example is the operator WX 2 which is the next to leading expansion

term of the general kinetic operator P(X) that generalizes the canonical kinetic operator

X. One could then consider a refined TG EFT Lagrangian

2

M
L= 2 [1-&(p/M)) R+ X -

YETE X% — Vyexp(—Ag/M,). (A3)

p
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Causality ensures the “—” sign before the X? operator [78] [79]. This theory will be referred
to as screened TG (TG ). In particular, TGg will be indistinguishable from TG by BAO,
SNIa and LSS if > Mpc ™', and by CMB if g > H(zeq) ~ 30 Mpc ™.
In TG the scalar field equation reads
2X 2 M?

(1 ) Oe - ot = —LFR-V A4
To see the screening explicitly, one can combine the trace of Einstein Eq. with Eq.(A4)
to get

3f/f”M2 9 , ) f/

(T(¢) + T(m)) )
(A5)
Assuming spherical symmetry and neglecting the metric back-reaction, Eq.(A5|) reduces to

3f’2M§ 2X
— |1+ 9 CM22
f P

an ordinary differential equation with a single variable r. To solve Eq., let us model the
galaxy as a uniform density ball with radius 74, = 10 kpc and filled with pressureless dust
Peal = 8 GeV/ cm® = =T Outside of the ball the density is much lower Penv = Pga1/1000.
Given the posterior results presented in Appendix[B] the TG parameters are set to & = 0.006,
A =1, Vo/M? =84 x10~*Mpc > ~ 3Q4HZ. The screening scale is set to y = 1 kpc™ ',
which ensures that TGq is equivalent to TG for all datasets considered in the main text.
Use the boundary condition ¢(r — oco) = —2M,, to represent a typical cosmological value
of the scalar field and requires standard gravity at small scales, i.e. ¢(r — 0) =0, Eq.
is numerically solved with the results plotted in Fig[dl The screening effect is easily visible
in the left panel where the field connects between the cosmological value at infinity and
the screened value at origin. Moreover, laboratory and solar system experiments usually

constrain the effective Newtonian constant G.g and post Newtonian parameters ypy and

Pen. In TGq they are [80]

_@2f+4f/2 f/2 ff/

IS VY 1—’VPN:W, 1—5PNzw’vaN~ (A6)

The right panel of Figld] compares the MG parameters of TG, with existing observational
bounds, showing that TG is properly screened and passes current experimental tests of
gravity. It has been pointed out that Geg running with time might change the SNIa peak
luminosity and bias the distance-redshift measurements from SNIa [40H43], with the expected

peak luminosity running L ~ G7, v ~ O(1) and consequently the SNIa absolute magnitude
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Parameter Baseline Baseline+LSS Baseline+ H
log(101°A;)| 3.044 £0.013 3.043 4 0.013 3.051 +0.014
ns 0.9666 + 0.0036 | 0.9673 +0.0035 | 0.9700 + 0.0035
Hy 67.77 +0.35 67.91 4 0.32 68.43 +0.34
Qph?  [0.02227 +0.00013 | 0.02229 + 0.00012 [0.02242 + 0.00012
Qch?  |0.11854 4 0.00077| 0.11822 4 0.00074 |0.11719 =+ 0.00076
Treio 0.0564 + 0.0068 | 0.05667000% | 0.0610 + 0.0072
M, ~19.429 + 0.010 |—19.4255 + 0.0096| —19.408T0 055
Ss 0.8176 £ 0.0086 | 0.8140 +0.0081 | 0.8050 + 0.0085

TABLE III. Mean and 68% posterior constraints of the cosmological parameters in ACDM.

variation AM;, ~ O(AG(z)/Gx). From Appendix|B|it can be seen that M, is constrained
with absolute precision ~ 0.01 cosmologically, roughly corresponding to the gray shaded
band in the right panel of Fig At the SNIa scale, which is much smaller than ry,;, AG/Gx
in TG is many orders of magnitude below the cosmological data sensitivity. Therefore,

using SNIa to constrain TG is justified.

In conclusion, constraining TG with cosmological data, as done in the main text, while
assuming proper screening on smaller scales is theoretically consistent and justified. In
the above example of TG, , the adopted screening scale is g = 1 kpc™' such that TG
is equivalent to TG also for CMB. However, a smaller p is also possible and will cause
screening to start from even larger scales. Especially, u ~ O(10 Mpc™') is particularly

interesting because the X?2 operator can now be constrained by CMB observations, and

possibly also next-generation LSS [8T], [82].

Appendix B: Detailed Posterior Results

This appendix collects the large tables and contour plots of the posterior results for all
analysis performed in the main text. The tables and plots are grouped by model, namely
ACDM (Table[lT]} Figff]), wow,CDM (Table[lV] Figlf), EDE (Table[V] Fig[7) and TG (Ta-
ble[VI] Figlg). For comparison, the baseline ACDM is included in all plots.
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FIG. 5. 68% and 95% posterior distribution of the cosmological parameters in ACDM.
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