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Hubble tension and gravitational self-interaction
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† Deceased

E-mail: deurpam@jlab.org
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Abstract
One of themost important problems vexing theΛCDMcosmologicalmodel is theHubble tension. It
arises from the fact thatmeasurements of the present value of theHubble parameter performedwith
low-redshift quantities, e.g. the Type IA supernova, tend to yield larger values thanmeasurements
fromquantities originating at high-redshift, e.g.fits of cosmicmicrowave background radiation. It is
becoming likely that the discrepancy, currently standing at 5σ, is not due to systematic errors in the
measurements. Herewe explore whether the self-interaction of gravitationalfields inGeneral
Relativity, which are traditionally neglectedwhen studying the evolution of theUniverse, can
contribute to explaining the tension.We find that withfield self-interaction accounted for, both low-
and high-redshift data are simultaneouslywell-fitted, thereby showing that gravitational self-
interaction yield consistentH0 values when inferred from SnIA and cosmicmicrowave background
observations. Crucially, this is achievedwithout introducing additional parameters.

1. TheHubble tension

Modern cosmology beganwith the discovery ofHubble’s law. Its central element, the present value of the
Hubble parameter,H0, has a troubled history ofmeasurements and it is only in the last two decades that precise
determinations became available.However, two types of precisionmeasurements ofH0 are in conflict. Thefirst
type comprises observations of phenomena originating at high redshift z, principally the power spectrumof the
cosmicmicrowave background (CMB) (Aghanim et al 2020a) and the baryon acoustic oscillations (BAO) (Alam
et al 2021). The second type consists of determination ofH0 from low-z phenomena, notably using standard
candles (Riess et al 2016) and time-delay cosmography (Wong et al 2020)methods. See (Abdalla et al 2022) for
the low- and high-zmethods providingH0. The high-zphenomena yieldH0 values significantly lower than those
from low-z. This is known as the ‘Hubble tension’ (Verde et al 2019, Di Valentino et al 2021, Abdalla et al 2022).
The discrepancy presently reaches a 5σ significance: the combined high-zmeasurements yield 67.28± 0.60 km/

s/Mpcwhile the combined low-zmeasurements yieldH0= 73.04± 1.04 km/s/Mpc (Riess et al 2022). Yet,
individual low-zmeasurements can be asmuch as 6σ away (Abdalla et al 2022) from themost precise high-z
datum, the Planck satellite result (Aghanim et al 2020a).

Although theHubble tensionmay originate fromunaccounted systematic effects (Freedman et al 2020), the
consistency of the high-z results on the one hand, and that of the low-z results on the other, suggests that it could
instead reveal a limitation of the current standardmodel of cosmology, the dark energy-cold darkmattermodel
(ΛCDM) (Shah et al 2021,Di Valentino et al 2021). This would be just one of the severalmalaises ofΛCDM.A
first worry is that detection of darkmatter particles by direct (Kahlhoefer 2017) or indirect (Gaskins 2016)
measurements is still wanting, with searches having almost exhausted the allowed parameter spaces of likely
candidates. Furthermore, themost natural extensions of the standardmodel of particle physics which offer
convincing darkmatter candidates aremostly ruled out, e.g.minimal SUSY (Arcadi et al 2018). Otherworries
withΛCDM include overestimating the number of globular clusters and dwarf galaxies (Klypin et al 1999) or the
lack of uncontrived explanation for tight correlations between the supposedly sub-dominant baryonicmatter
and quantities characterizing galaxy dynamics, e.g. the Tully-Fisher relation (Tully and Fisher 1977), radial
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acceleration relation (RAR) (McGaugh et al 2016), or Renzo’s rule (Sancisi 2004). These issuesmotivate
developing alternatives toΛCDMthat could naturally resolve these problems.Herewe follow this direction and
investigate whether theHubble tension can be understoodwith amodel that incorporates the fact that in
General Relativity (GR), gravitational fields interact with each others (field self-interaction, SI). That central
feature ofGR is the basis for theGR-SImodel. Thismodel currently accounts for a range of key observations
traditionally ascribed to darkmatter or dark energy. These include theflat rotation curves of galaxies, the
luminosities of high-redshift supernovae, the anisotropies in theCosmicMicrowave Background (CMB), and
the formation of large-scale structures. Crucially, this is achievedwithout the introduction of dark components
(Deur 2009, 2019, Deur et al 2020, Deur 2021a, 2021b, 2022). From these and other successes we find thatGR-SI
needs to be tested in different regimes to better understand its utility inmodern cosmology.

In the next section, we recall the physical basis of theGR-SI framework and its predictions.We then discuss
how, from the perspective of theGR-SImodel, aHubble tension should arise if low- and high-z data are analyzed
withΛCDM, andwhy the tension is not present inGR-SI. After summarizing how the evolution of theUniverse
affects the CMBanisotropy observations in both theGR-SI andΛCDMframeworks, we useGR-SI tofit
luminosity distance data. This constrains theGR-SI parameters describing the effects of large-scale structure
formation on the long distance propagation of gravity, effects that are encapsulated in a so-called depletion
functionDM(z)whosemeaningwewill briefly recall in section 2. Thefit describes well the SnIA andCMB-
inferred luminosity distanceswith a singleH0 value of 73.06 km/s/Mpc. Finally, we show in section 4 that the
cosmological parameters which alleviate theHubble tensionwithin theGR-SImodel also simultaneouslyfit well
the CMBpower spectrum. This supporting result serves as an internal consistency check for theGR-SI
formalism.

2. Field self-interaction and its consequences

Adefining feature ofGR is that it is a non-linear theory: gravityfields interact with each other, in contrast to
Newtonian gravity. The linear character of the latter allows for thefield superposition principle, while inGR, the
combination offields differ from their sum since thefields interact. In fact, theGRLagrangian

p= mn mn
mn ( ) ( )g g R Gdet 16GR (here gμν is themetric,G is Newton’s constant andRμν is the Ricci tensor)

expressed in a polynomial form (Zee 2013):

å p f f f= ¶ ¶
=

¥

 ( ) [ ] ( )MG16 , 1
n

n n
GR

0

2

Explicitly shows that a gravitational field self-interacts. Here,fμν is the gravitational field due to a unitmass and
is defined as the deviation of gμν from a reference constantmetric ημν, f hº -mn mn mn( )g M , whereM is the
mass of the system. For simplicity, we ignored thematter termof GR: to discuss the pure field case is sufficient.
We discuss in amomentwhy ignoring thematter term is justified even for amatter-filled universe. The bracket
in f f f¶ ¶[ ]n signifies a sumof Lorentz-invariant termswhose forms aref n∂f∂f, e.g. f f¶ ¶[ ] is the Fierz-Pauli
Lagrangian of linearizedGR (Fierz and Pauli 1939). Newtonian gravity is recovered if ημν is theMinkowski

metric and if one keeps only the time-time component of the n= 0 term of equation (1): f f¶ ¶ =[ ]Newton

∂μf00∂μf
00 and∂0f00= 0. The term f f¶ ¶[ ] formalizes the freemotion of the field, viz, it generates the two-

point correlation function that gives the probability for thefield to freely propagate fromone spacetime point to
another. Then> 0 terms are interaction terms and therefore cause the field SI. An analogous phenomenon
occurs for the nuclear Strong Force, whose theory isQuantumChromodynamics (QCD). Actually, the reason
whyGR andQCDare non-linear theories is the same: they possess several types of distinct ‘charges’. ForGR,
they are themass/energy,momentum and stress which are grouped under the stress-energy tensor, which then
represent a rank-2 tensor charge. ForQCD, they are the three color charges. This causes the fields of GR and
QCD to be rank-2 tensors, i.e. non-commuting objects. This is not the case in non-linear theories likeQEDand
Newtonian gravity which only involve scalar charges. SI terms are present in the classical Lagrangians ofGR and
QCD, i.e. before any quantization procedure for the later, and thusfield SI is a classical phenomenon. The non-
zero commutators in turn give rise to SI terms It results inGR andQCDhaving the same classical Lagrangian
structure. Field SI is a central and conspicuous feature ofQCDdue to its large couplingαs (Deur et al 2016). In
contrast, field SI inGR is controlled by∼ pGM L16 (with L a characteristic length of the system), whose value
is typically small. Thismakes the linear approximations ofGR, e.g. theNewtonian or the Fierz-Pauli theories,
adequate formost applications. However, if pGM L16 is large enough, SImust be accounted for: it is an

unavoidable consequence ofGR. In (Deur 2017) it was shown that for a typical galaxy, p -GM L16 10 2 ,
which is large enough to enable SI. This is also the case for galactic clusters but need not be true for other
combinations ofM and L. For example, themasses and length scales of wide binary stars are not expected to
exhibit any deviations fromNewton inGR-SI. This expectation distinguishesGR-SI frommodifiedNewtonian
dynamics (MOND), which posits that the low acceleration regimes of wide binaries should result in noticeable

2
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deviations fromNewton. In particular,MONDexpects that binary stars with large separations (on the order of
10 kAU) should exhibit circular velocities around 20 percent higher than those predicted by classicalNewtonian
dynamics (Banik andZhao 2018). A verification of this predictionwas reported at a significance of 10σ in a study
analyzing over 26,000wide binaries from theGAIA 3DR survey (Chae 2023), although another study using the
sameGAIA data (Banik et al 2023) found the dynamics to be consistent withNewtonian gravity and attributed
the initialMONDconfirmation of (Chae 2023) to theway velocity uncertainties were estimated. In the realmof
wide binaries, GR-SI alignswith theNewtonian (andΛCDM) perspective, expecting no detectable self-
interaction due to the relatively smallmasses involved. One consequence of SI inQCD is to enhance the binding
of quarks, resulting in their confinement. Likewise inGR, if a galacticmass is large enough to enable SI, it would
enhance the binding of galactic components in amanner that directly leads toflat galactic rotation curves
(Deur 2009)without requiring darkmatter. The increased binding also dispenses with the need for darkmatter
to account for the growth of large-scale structures (Deur 2021b). On the other hand, usingNewtonian gravity to
analyze systems inwhich SI is important overlooks the binding enhancement and produces an apparentmass
discrepancy interpreted as darkmatter. Importantly, SI effects cancel out in isotropic and homogeneous systems.
For example, a nearly spherical galaxy hasmuch less evidence of darkmatter than aflatter, disk like galaxy
(Deur 2014,Winters et al 2023).

Another direct and crucial consequence of the binding enhancement comes from energy conservation: the
increase of binding energy inside a systemmust be balanced by a reduction of the gravitational energy outside of
the system. InQCD, the larger binding confines quarks into hadrons, while outside hadrons, the Strong Force
declines into themuchweaker residual Yukawa interaction. Likewise, if SI bindsmore tightlymassive systems,
gravitationmust be reduced outside these systems. Overlooking that large-distance reduction of gravity would
require a compensating global repulsion inmuch the sameway as overlooking the binding enhancement
requires a compensating darkmass. The purported repulsionwould then be interpreted as dark energy. To
restate differently, field line collapse increases the binding energy in systems (Gross et al 2023), including very
massive systems according toGR-SI. By energy conservation, this increase of energy inside such a system
suppresses the effect of the force outside the system (Wilczek 2002, Deur 2019). This can also be easily
understood as due to the fact that the forcefield lines are collapsed into the system and do notflowout of it
anymore. This effect, originating from the pure-field sector of the theory, has an important impact on thematter
part of the theory: as previouslymentioned, the force is suppressed (‘depleted’, inGR-SI terms) betweenmassive
(matter-made) systems compared to theNewtonian expectation or to theGR expectation under the usual
isotropy and homogeneity assumptions. It thus has crucial implication to the dynamics ofmatter, even though
the phenomenon itself is a pure-field effect in origin. This depletion can explain the acceleration of theUniverse
without recourse to dark energy (Deur 2019) and is therefore the primary ingredient in our explanation of the
Hubble tension despite originating from the pure-field sector of the theory. Likewise, InQCD, color
confinement can be accurately reproduced in the purefield sector, and it is common to neglect fermionic
degrees of freedom in demanding lattice gauge computations.

TheGR-SI approach is not the only attempt to explain away dark energy fromdeparture from the
cosmological principle at short scales (Schander andThiemann 2021). However, the effects of structures on the
evolution of theUniverse were initially investigated usingNewtonian gravity within a Friedmann-Lemait̂re-
Robertson-Walker background.Only recently did advances in numerical GR open the possibility of full GR
simulations. These simulations have not yet found clear signs of important effects (Macpherson et al 2018, 2019,
Schander andThiemann 2021). However, they are not yet complete, as they lack e.g. the effect of the pressure of
the relativistic constituentmaking-up the early universe, or of electromagnetic radiations. Both are necessary to
the formations of the structures considered byGR-SI. Furthermore, the simulation resolution is above theMpc
scale,much larger that the characteristic scale over which thefield SI enfolds inGR-SI (sub-kpc for galaxies
(Deur 2021a) and tens of kpc for galaxy clusters (Deur 2009)). Therefore, these simulations are not yet sensitive
to themechanism central toGR-SI. Such approaches can be qualified as top-down, aiming to directly compute
the effects of the forming structures on the evolution of theUniverse. GR-SI is a bottom-up approach,first
computing non-perturbatively GR’s SI, with numerical simulations ormodels, at the small scales characterizing
galaxies, and then propagating phenomenologically their consequence for the evolution of theUniverse.
Another challenge to overcome is the non-perturbative nature of the SI effect, which has already been
notoriously difficult to compute in the case ofQCDand is still not fully understood.

The enhanced binding of structures inGR-SI, viz, the local effect of SI, is computed starting fromGR’s
Lagrangian, equation (1) (Deur 2009, 2017). The large-distance suppression of gravity, viz, the global effect, is
evaluated effectively using a depletion functionDM(z) that originates from lifting the traditional assumptions that
theUniverse is isotropic and homogeneous (Deur 2019). IfDM= 0, gravity is fully quenched at large-distance
while forDM=1 there is no net SI effect. Thus,DM(z)≈ 1 for the early universe since it was nearly isotropic and
homogeneous. In contrast, the large-scale structures of the present universe entailDM(z≈ 0)< 1. The formof
DM(z)first proposed in (Deur 2019) can be approximated by:

3
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= - + +t- - -( ) ( ) ( )( )D z e Ae1 1 . 2M
z z z b10

Here, z0 is the redshift characterizing the large-scale structure formation epoch and τ its duration.A is themass
fraction of structures whose shapes have evolved intomore symmetric ones (e.g. disk galaxiesmerging to form
elliptical galaxies) and b is the duration of that evolution process. Figure 1 displaysDM(z), for values
z0= 2.20± 0.18, t = -

+0.84 0.19
0.15,A= 0.33± 0.09, and = -

+b 0.20 0.05
0.15. A similar plot is found inDeur 2022, albeit

using slightly different parameters determined from theCMB anisotropy spectrum.

3. TheHubble tension from theGR-SI perspective

AHubble tension arisingwithinΛCDM is expected from the perspective of GR-SI:H0 affects the observation of
theCMBanisotropies essentially via the angular diameter distance of last scattering, dA. This quantity depends
upon the evolution of theUniverse similarly to the luminosity distance D that enters the lower-z determination
ofH0, e.g. via supernova observations. Specifically, = +( ) ( ) ( )d z D z z1A

2. For example, in theΛCDM
model,

⎛

⎝
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withΩΛ,ΩM andΩγ the dark energy, totalmatter and radiation densities relative to the critical density,
respectively, and W º K a HK 0

2
0
2 withK the curvature and a0 the Friedmann-Lemait̂re-Robertson-Walker scale

factor at present time. Therefore, the determination ofH0 fromCMBobservations is analogous to a highly
accurate ( )D zL observation, where zL is the redshift at the time of last rescattering. Figure 2 depicts two
luminosity distances ( )D z calculatedwithinΛCDMwithΩΛ= 0.69,ΩM= 0.31 andK= 0, but differentH0

values: 73.06 km/s/Mpc, whichmatches the supernova and γ-ray data at low-z (dashed blue line in the left panel
and blue dots in the right), and the other with 67.28 km/s/Mpc tomatch theCMB ( )D zL (dotted green line and
green points). The uncertainty of the CMBdatum is adjusted to equalize theχ2/ndf values of thefits for the
comparison of the data and the twoΛCDMcosmologies. TheHubble tension is evident in the twoΛCDM
curves whichmatchwell either the low-z data or the high-z datum, but not both.However, theGR-SImodel for

( )D z (Deur 2019, 2022),

⎛

⎝
⎜

⎞

⎠
⎟ò=

+
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W
W + -+
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( )

D z
z

H
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sinh

1 1
, 5
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K

z K M0 1 1

1

2L

fits both data sets well, as quantified by a significantly smallerχ2/ndf value, thereby alleviating the discrepancy in
estimatingH0 using differentmethods.Here, we elected to let the parameters ofDM(z) be determined from the
bestfit to the ( )D z data. This yields z0= 2.20± 0.18, t = -

+0.84 0.19
0.15,A= 0.33± 0.09 and = -

+b 0.24 0.16
0.10 which

is shown infigure 1. Originally the values of the parameters were obtained from the knowledge of the evolution
of large-scale structures. The newfound values are smaller than the estimates from large structure formation

= -
+z 6.30 2.0

1.6 and t = -
+2.4 0.3

0.5, but the ratio z0/τ= 2.62 happens to be the same for thefit and the estimates from

Figure 1.Depletion functionDM(z) determined from the optimizing thefit to the low- and high-z D data infigure 2.
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large structure formation. Thefit values for theA and b parameters agreewith the earlier values, = -
+A 0.25 0.17

0.20

and = -
+b 0.20 0.05

0.15. In section 4, we verify that theCMBprimary anisotropies remainwell describedwith theH0

andDM(z) determined by our best fit.
The ( )D z calculatedwithinΛCDMandGR-SI differ chiefly at intermediate values of z because SI induces a

large-distance suppression of gravity which curves ( )D z in the 1 z 10 domain, when large-scale structures
start forming (Deur 2019, 2022).

The specific timing and amount ofmatter involved in the formation of large-scale structures result in the
particular z-dependence ofDM(z)which differs from the∝z4 effect of dark energy inΛCDM.Thus, if SI
noticeably influences the evolution of theUniverse, therewill arise a discrepancywith ( )D z determinations
using smaller-z phenomena forwhich the evolution spans amuch smaller range. Since the determination ofH0

from theCMB is analogous to a determination using ( )D zL , extractingH0 from theCMBusing theΛCDM
frameworkwill cause a tensionwithH0measurements at lower z. The same applies to the baryonic acoustic
oscillations (BAO) observation from theCMB. It is characterized by the acoustic horizon angular size,
q = ( )d d zH A L , where dH is the acoustic horizon. Since dH is the comoving distance travelled by a soundwave
until recombination, viz, it happens for z> zLwhen theUniverse was homogeneous and dark energy negligible,
dH is essentially the same forΛCDMandGR-SI. It is the distinct evolution of dA(z) inΛCDMandGR-SI that
makes their θ predictions different. Like D , dA is predicted byΛCDM tobe larger at z= 0, yielding smaller θ and
H0 values compared to localmeasurements and the expectation fromGR-SI.

4.Dependence of theCMBobservation on the expansion of theUniverse

While theDM(z) determined by thefit described in section 3 agrees qualitatively with that used for theCMB
study in (Deur 2022), it differs quantitatively. Therefore, it is important for the internal consistency of theGR-SI
model to verify that the CMBprimary anisotropies remains well describedwith the presentDM(z).

Wewill consider only the scalarmultipole coefficient CTT l
s

, since it is sufficient to investigate whether a
Hubble tension is present in theGR-SImodel. In particular, it is not necessary for the goal of this article to
investigate the polarizedCMBdata.We use an analytical expression of theCMBanisotropies to showhow the
expansion of theUniverse affects their observations at present-day. Such analytical expression is provided by the
hydrodynamic approximation (Weinberg 2008). Despite not being as accurate as state-of-the-art numerical
treatments of the CMB, this treatment is sufficient for the goal of this article, namely to investigate theHubble
tensionwithin theGR-SImodel. This is verified a posteriori by the smallχ2/ndf characterizing theGR-SI fits to
theCMB.At zL, theUniverse is very homogeneous,making SI effects negligible. Thus, the phenomena that
created theCMB anisotropies are unaffected and so are themathematical expressions formalizing them.
However, some of the parameters entering theCMBanisotropy expression use their present time values. They
are thus affected by the expansion of theUniverse and therefore contribute to theHubble tension. Inwhat
follows, values of parameters at the present time,matter-radiation equilibrium time, and last scattering time are
indicated by the subscripts 0, EQ and L, respectively. Baryon relative density is denoted byΩB, and, forΛCDM,

Figure 2. Left: Luminosity distance D as a function of redshift z for:ΛCDMusing º =h H 100 km s Mpc 0.670 (dashed green
line) or h=0.73 (dotted blue line); andGR-SI with h=0.73 (solid red line). The embedded figure is the same but in linear rather than
log scales. The low-z observational data (Riess et al 1998, Schaefer 2007, Kowalski et al 2008, Conley et al 2011, Suzuki et al 2012,
Aghanim et al 2020b), shown by the square, triangle, circle and star symbols, are normalized using the h = 0.73 average low-z
determination. The pentagon symbol shows ( )D zL as it would be obtained using the values of zL andH0 from theΛCDMfit of the
CMB. Right: Same as the left panel but for the normalized residual = -( )r D d eobs

2
obs
2 , where dobs is the observed data, eobs their

uncertainty, and the colorsmatch that of the three differentmodels used to compute D in the left panel. TheHubble tension appears
as the offset between theΛCDMcurvewhichfits the low-z data (dotted blue line in the left panel and blue dots in the right panel) and
the blue dot at zL. The green dot at zL is near r = 0 and hence not visible with the log scale.
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ThefirstterminthecurlybracketformalizestheDopplereffect.ThesecondtermprovidestheSachs-Wolfand
intrinsictemperatureanisotropyeffects.Bothtermsalsocontainsthelarge-ldamping.Nisthenormalizationof
theprimordialperturbations,τreionisthereionizedplasmaopticaldepth,βisanintegrationvariableakintoa
wavenumber,nsisthescalarspectralindex,º+  () lzkd 1LAisamultipolecharacteristicvalue,with

ºk0.05Mpc
−1

aconventionalscale.Othermultipolecharacteristicvaluesare= ldd TAT(dTisalength
scalewhoseformdiffersinΛCDMandGR-SI;seebelow),= ldd DAD(dDisthedampinglength)and

= ldd HAH.=WW+ g() Rz 341 LBLisaratioofrelativedensitiesand,andΔaretransferfunctions.
Finally,()lisasecond-ordertermcorrectingtheapproximationsofthehydrodynamicmodel(Deur2022).
Hereafter,since()lissmall,wewillignoreitspossibledependenceonthedifferencebetweentheUniverse
evolutionsaccordingtoΛCDMandGR-SI.

TheintegratedSachs-Wolf,Sunyaev-Zel’dovichandcosmicvarianceeffects,whichproduceanisotropies
thatareextrinsictotheCMBorigin,arenotincludedinthehydrodynamicmodel.Thisdoesnotaffectourstudy
oftheHubbletensionsincewewillfocusonthemultipolerange48<l<1800,adomainwheretheseeffectsare
unimportant.

Inequation(6),thequantitiesthatdependontheexpansionoftheUniverseareintegratedoverz.Thereare
onlytwosuchparameters:dAandtL.TheirexpressionsinΛCDMandGR-SIaregivenintable1.Theexpressions
ofthequantitiesnotexplicitlyaffectedbytheexpansionoftheUniversearetabulatedintable2forconvenience.
SomeofthesequantitiesdependindirectlyontheexpansionoftheUniverseastheycontaintL,zLordA,namely
dT,RL,dLandau,dSilk,dHanddD(thelatterthroughdLandauanddSilk),l,lT,lDandlH.Inall,thisshowsthatthe
HubbletensionmaybecastastheproblemofproperlymodelingthedistancesdAandD.Infact,onceSIis

Table1.CMBquantitiesdependingexplicitlyontheexpansionoftheUniverse.Column1:quantity.Column2:ΛCDM
expression.Column3:GR-SIexpression.
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Table2.ExpressionsofthequantitiesthatarenotexplicitlydependentontheexpansionoftheUniverse.Column1:Quantity.Column2:
ΛCDMexpression.Column3:GR-SIexpression.Intheseexpressions,σisthestandarddeviationforthetemperatureTL,Y;0.24isthe
densityratioofnucleonstoneutral

4
He,sistheThompsoncross-section,ρBandργareaverageabsolutedensitiesofbaryonandradiation,

respectively,andnB0isthebaryonnumberdensityatpresenttime.
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accounted for in theCMB anisotropy expression, we can fit the CTT l
s

, datawhile keepingH0 to its low-z
determination of 73.06 km/s/Mpc and theDM(z) parameters obtained from the best fit of ( )D z (red line of
figure 1). The parameters allowed to vary are zL,N, ns,σ andΩB, with the CTT l

s
, spectrum reproduced for

zL= 1728± 1, N= (1.1995± 0.0019)× 10−5, ns= 0.9759± 0.0028,σ= 1.751± 0.0002 and
ΩBh

2= 0.0370± 0.0002, withχ2/ndf= 0.5, see figure 3.We remark that the quoted uncertainties are only fit
uncertainties and do not include other systematic effects, e.g. coming from approximations in theCMB
hydrodynamicsmodel or from the choice of functional form forDM(z) and its parameters. This fitmust use the
H0 value determined by low-z observations since it is the value ofH0 in theGR-SImodel, consistent with the
value obtained from ( )D zL once theUniverse expands accordingly to thatmodel. This is verified by performing
aCMBfit withH0=67.28 km/s/Mpc and observing that theχ2/ndf of that fit is larger (by about 20%) than that
of the nominalfit. It is also interesting to perform thefit withH0 kept a free parameter despite the fact that it
introduces a slight inconsistency since the determination of theDM(z) parameters is obtainedwith theH0 value
fixed by z; 0 observations. Suchfit yieldsH0= 72.99± 0.06 km/s/Mpc, zL= 1728± 1,
N= (1.2014± 0.0015)× 10−5, ns= 0.9738± 0.0027,σ= 1.751± 0.002 andΩBh

2= 0.0368± 0.0002, with
χ2/ndf= 0.58.

5. Conclusion

Our results show consistency between SnIA andCMB-determinedH0 values if one accounts, when quantifying
the evolution of theUniverse, for the self-interaction of gravitational fields, a feature ofGeneral Relativity
ordinarily neglected. It is the first step toward resolving theHubble tension. A full resolution of the tension
requires additional steps: confirming that for a given set of cosmological parameters there is simultaneous
agreement betweenGR-SI theory and observations, such as those of thematter power spectrumor the rate of
growth of structureσ8. In the cosmologicalmodel used in this article, as in the previous studies using thatmodel,
the effects of self-interaction are containedwithin a depletion functionwhich effectively relaxes the traditional
assumptions of theCosmological Principle—isotropy and homogeneity of the evolving universe. Here, the
parameters of the depletion function are determined from the best fit to the luminosity distance data, a
procedure that appearsmore accurate than themethod used in (Deur 2019), viz, determining the parameters
fromour knowledge of the timescale at which large-scale structures form, and of the amount of baryonicmatter
present in these structures.We show that the resulting luminosity distancefits simultaneously both low-redshift
supernovae data aswell as high-redshift CMBdata. Furthermore, theGR-SImodel, with the depletion function
thus determined, fits well the CMBpower spectrumdata. This shows that determining the depletion function
using low-z and high-z values of the luminosity distance did not create an internal inconsistencywithin theGR-
SImodel, as far as theCMB spectrum is concerned. Therefore, simultaneous close fits with the same value ofH0

of both low-z and high-z luminosity data on the one hand andCMB spectrumdata on the other exhibits no
Hubble tensionwithin theGR-SImodel. Crucially, The large-distance suppression of gravity, viz, the global
effect, is evaluated effectively using a depletion functionDM(z) that originates from lifting the traditional
assumptions that theUniverse is isotropic and homogeneous (Deur 2019). IfDM= 0, gravity is fully quenched at
large-distancewhile forDM=1 there is no net SI effect. Thus,DM(z)≈ 1 for the early universe since it was nearly

Figure 3.Power spectrumof theCMB temperature anisotropy. The continuous line is p+( ) ( )l l C1 2TT l
s

, computed usingGR-SI
with the low-z average for theHubble parameter,H0=73.06 km/s/Mpc. The squares are the Planckmeasurement (Aghanim
et al 2020b, 2018 release).
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isotropic and homogeneous. In contrast, the large-scale structures of the present universe entailDM(z≈ 0)< 1.
this harmonization of the SnIA andCMBH0 determinations does not require adding parameters beyond those
already present in themodel. This is important because in order to be a compelling alternate toΛCDM, amodel
should display a consistency and simplicity on parwithΛCDM, i.e. it should avoid introducing toomany new
and ad-hoc parameters, particles orfields. This is the case for themodel used herewhich requires no newphysics
beyond the standardmodel of particle physics andGeneral Relativity. Reconciling the late- and early-universe
H0 values did not compromise this attractive feature of themodel.
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