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Physical Explanation of the H0-Tension
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ABSTRACT: Various observations of the Hubble constant H0 provide different values. That problem is called
H0-tension. Here a physical explanation of the H0-tension is provided: Each observed value depends on the time
or redshift of the emission of the used probe, as a consequence of the time evolution of the universe. This causes
a large increase of H0 in the late universe. Moreover, the under-density at the local universe causes a small
decrease of H0. A quantum gravity theory of dark energy is in precise accordance with observation. Thereby, no
fit is executed, of course.
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I.

INTRODUCTION

The expansion of the universe since the Big Bang is characterized by an expansion rate, described by
the Hubble parameter H(z). It is a function of the redshift z. In particular, the value of H at the present time t0 is
called Hubble parameter H0 = H(t0) (see e. g. [1]). The measurement of the Hubble constant H0 exhibits a
problem: Various observers achieve different values of H0 (see e. g. [2-12]). That problem is called H0-tension
or Hubble tension (see e. g. [2, 4, 13]). The purpose of the present paper is to provide a physical explanation
of the H0-tension. Especially relevant contributions of the present paper include the following results:
Firstly and in general, the observed values H0,obs of the Hubble constant H0 are explained by the fact that each
observation is based on a probe emitted at a respective redshift z and at a corresponding local density of matter
ρm,L of the local universe:
H0,obs = H0,obs(z, ρm,L)
(1)
Secondly and in particular, the above function (see equation 1) can be expressed by a reference value H0,ref
multiplied by two correction factors Qz(z) and Qm(ρm,L):
H0,obs = H0,ref ∙ Qz(z) ∙ Qm(ρm,L)
(2)
Thirdly, the observed values H0,obs [2-12] are physically explained with help of a theory that has been derived
from basic physical principles only (see e. g. [14-19]), whereby no fit procedure has been applied (see e. g.
[18]).

II.

USED OBSERVATIONS OF LOCAL DENSITIES

In this section, we summarize observations of local densities of matter ρm,local in the vicinity of our galaxy, the
Milky Way. For comparison, we apply the mean density of matter of the universe ρm. It has been derived from
observations of the CMB (see [2] and Table 15.2 in [16]):
(3)
Secondly, we investigate the local basin of attraction that includes the Milky Way: Laniakea (see [20, 21]). A
corresponding estimation of the radius r Lan of Laniakea is as follows [20,22]:
(4)
Probes emitted at that radius r Lan exhibit the following redshift:
(5)
An estimate of the density of matter of Laniakea ρm,Lan amounts to 94 % of ρm (see section 3.2 in [22]):
(6)
Thirdly, we summarize a larger region that includes the Milky Way. It has been found by the REFLEX II survey
and it exhibits an under-density of 15 % [23]:
(7)
That region has the following radius rRII [23]:
(8)
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Probes emitted at that radius r RII exhibit the following redshift:
(9)
Moreover, that survey shows that there is no significant under-density at balls with the center at the Milky Way
and with a radius larger than rRII.

III.

USED REFERENCE VALUE FOR H0

In this section, we summarize the choice of the reference value H0,ref and the corresponding results. In
principle, the reference value H0,ref for H0 can be chosen at any redshift z. In order to obtain a reference value
that is relatively independent of the local density, we choose the value of H0 at the redshift of the emission of the
cosmic microwave background, CMB. The corresponding redshift is zCMB = 1089.92 0.25 and the respective
value of the Hubble constant is as follows (see [2], Table 2):
(10)

IV.

DERIVATION OF THE CORRECTION FACTOR FOR THE LOCAL DENSITY

In this section, we derive the correction factor Qm(ρm,local) describing the effect of the local density of
matter ρm,local at the emission of the probe used in an observation of the Hubble constant H0. For it we apply the
general equation for the Hubble parameter (see e. g. [1]):
(11)
Hereby, we applied the fact that the curvature parameter is zero (see e. g. [1] or theorem 32(6) in [16]). In
general, we mark a local quantity by the subscript L, whereas a variable describing a spatial average or a
homogeneous quantity or a global quantity is not marked by a subscript. In particular, for the case of the present
time, the density ρ in equation (4) takes its present day value ρ0. Moreover, the density ρ is the sum of the
density of matter ρm, of the density of radiation ρr and of the density of dark energy ρΛ (see e. g. [1] or [16]). So
the Hubble constant H0 obeys the following equation:
(12)
If an observation of H0 is based on a probe that is emitted at a local density of matter ρm,L and that propagates
through an area with that density, then the observed Hubble constant H0,obs is characterized by equation (12),
whereby the density of matter ρm,0 is replaced by the local density of matter ρm,L:
(13)
Correspondingly, the correction factor Qm(ρm,L) is defined by the ratio H0(ρm,L) and H0:
(14)
The densities ρr,0 and ρΛ,0 are scaled by ρ0 in order to obtain the density parameters (see [2] or [18]):
(15)
In particular, for the case of a probe emitted within a ball with the center at the Milky Way and with a density
ρm,L, the correction factor is as follows:
(16)
According to equation (7), the correction factor at the region with radius r RII is as follows:
(17)
Correspondingly, the difference ΔH0(ρm,L) = H0 ∙ (Qm(ρm,L) – 1) is as follows:
(18)
The H0 value in Fig. 1 marked by a full square (■) is based on a sample of probes ranging from z = 0.023 until
z = 0.15 (see [4, 12]). So the difference ΔH0(ρm,L) has to be applied in a partial manner. For it, the difference
ΔH0(ρm,L) in equation 18 is applied to probes in the interval
, whereas the difference
ΔH0(ρm,L) = 0 is applied to probes in the interval
in a manner proportional to the size of these
intervals as follows:
(19)
Each observed value H0,obs can be transformed to a global observation value H0,obs,global by subtracting the
difference ΔH0(ρm,L) describing the effect of the local universe (see equations 18 and 19):
(20)
Hereby,
represents the Heavyside function. Thereby,
for
and
for
. In
particular, for the case of the megamaser probe in Fig. 1, the global observation value is determined as follows:
(21)
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Similarly, for the case of the surface brightness probe in Fig. 1, the global observation value is as follows:
(22)
Analogously, the distance ladder probe at small z (see ■ in Fig. 1) is transformed as follows:
(23)
The other probes in Fig. 1 essentially correspond to redshifts above 0.04, thus their global observation values are
equal to their respective observed values:
(24)

V.

USED CORRECTION FACTOR FOR THE REDSHIFT

In this section, we summarize the application of a semiclassical theory and of a more general quantum
theory (see e. g. [17]) to the derivation of the correction factor Qz(z) in equation 2. That correction factor Qz(z)
describes the global effect of the redshift z on the observed values H0,obs. That means, all local effects on H0,obs
are included in the other correction factor Qm(ρm,L) in equation 2. The global dependence of z on H0,obs is a
consequence of the fact that the density of the dark energy ρΛ depends slightly on the redshift z, as shown in my
quantum gravity theory (see e. g. [14-19]). The corresponding function ρΛ(z) is applied to the basic equation 11:
(19)
The ratio in the above equation has been derived for the case of a semiclassical theory as follows. Firstly, an
additional term κ(z) is defined as follows (see theorem 22(2a) in [16]):
(20)
Hereby, σ8 is the amplitude of matter fluctuations (see e. g. [16]), and the value 0.8111 has been obtained on the
basis of the observation of the CMB [2]. Secondly, within the semiclassical theory, the density of the dark
energy is as follows (see theorem 22(2b) in [16]):
(21)
Thereby, RH is the Hubble radius (see e. g. equation 6.68 in [16]) and G represents the gravitational constant.
In addition, the density of the dark energy ρΛ(z) has been derived in the framework of quantum gravity (see e. g.
[16-18]). The corresponding result is presented in Fig. 1 in the present paper.

Fig. 1: Observed global Hubble constant H0,obs,global as a function of the redshift z:
Probes: Δ megamaser [3], ▲ surface brightness [10],
distance ladder at: ■ small z [4, 12], □ large z [11, 19],
gravitational wave [9], o baryonic acoustic oscillations [5, 6],
● weak gravitational lensing and galaxy clustering [7], strong gravitational lensing [8],
Local under-density is applied to data of Δ, ▲and ■ [20-23].
Theory: ...... semiclassical, - - - - - quantum gravity.
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VI.

PHYSICAL EXPLANATION OF THE H0-TENSION

In this section, we apply the above results in order to explain the H0-tension. For it we present
observational and theoretical values of H0 as a function of the redshift z in Fig. 1. Next we derive further
insights from that Fig.
Firstly, the dotted graph in Fig. 1 shows that the H0 values increase from
at
the early universe to

in the late universe. Hence the largest change of H0 values is

caused by the time evolution of the universe as follows:
(22)
Secondly, we realize that this time evolution of the H0 values is caused by the time evolution of the
density ρΛ(z) dark energy (see equations 19-21).
Thirdly, we find out that the local under-density of our local universe causes a smaller change of H0
values as follows (see equations 18-19):
(23)
Fourthly, realize that the local under-density gives rise to a negative change of the H0 values, as an
under-density causes a relatively small density of matter, which in turn causes a relatively small rate of
expansion according to the basic equation 11. Note that Turner found out empirically that local under-densities
correlate to an increase of H0 values [24]. Now we explain that empirical observation physically: In the late
universe, the time evolution of the density of the dark energy ρΛ(z) causes relatively large H0 values (see
equations 19-22). Hence these large H0(z) values observed on the basis of probes of the late universe correlate
to the under-density, but are not caused by that under-density.
Fifthly, as the concept of the Hubble constant H0 is a global concept, it makes sense to correct the
effect of the under-density. This is achieved by adding
for all observations based on
probes emitted at z less or equal to 0.04 (see equation 18). In particular, the observation based on megamasers
( in Fig. 1) and the observation based on the surface brightness fluctuations of galaxies (□ in Fig. 1) are
supplemented by adding
, and the observation based on the cosmic distance ladder
and on supernovae at small redshifts (upper

in Fig. 1) is supplemented by adding

(see equation 19).
Sixthly, most observations in Fig. 1 are in precise accordance with the semiclassical theory (see dotted
graph in Fig. 1). That means that the theoretical H0 value is within the error of observation.
Seventhly, all observations in Fig. 1 are in precise accordance with the quantum gravity theory (see
dashed graph in Fig. 1), as these theoretical H0 values are within the error of observation.
Eighthly, we realize that the H0 values exhibit a slight local minimum at z ≈ 1. And this minimum
corresponds to a local minimum of the density of the dark energy ρΛ(z). For details about the physics of that
minimum see [14-18].
Ninthly, we realize that the theory underlying the dotted and dashed graphs in Fig. 1 do not execute any
fit. Instead, that theory is based on quantum gravity only. In particular, the only numerical input used in that
theory is constituted by the present time t 0 after the Big Bang and by the four universal constants of quantum
gravity: the gravitational constant G, the velocity of light c, the Boltzmann constant k B and the Planck constant h
(see [18]). Thus the H0 – tension provides a convincing test of that theory (see Fig. 1).

VII.

CONCLUSION

The H0 – tension is an interesting phenomenon. Moreover, that problem is especially meaningful, since
theories of dark energy can be tested with it. In particular, the Fig. 1 provides a convincing positive test of the
theory of quantum gravity underlying the dotted and dashed graphs in that Fig. 1 (see [14-18]).
Moreover, that theory of quantum gravity yields a detailed physical explanation of the H0 – tension:
During the time evolution of the universe, the emitted probes exhibit decreasing present day redshifts.
Simultaneously, the density of the dark energy exhibits a slight minimum at z ≈ 1 and increases significantly at
small redshifts. Thus that density causes a large increase of the observed H0 values for probes emitted at the late
universe. Moreover, probes emitted in the late universe are additionally emitted in the local universe. Hence
such probes experience the slight under-density existing in the vicinity of the Milky Way. Thence the H0 values
observed by using such probes exhibit an additional small negative change of the H0 value.
Altogether, the H0 – tension is caused by two circumstances: the relatively small local density of matter
ρm,local in the vicinity of the Milky Way and the time evolution of the density of the dark energy ρ Λ(z).
Correspondingly, the H0 – tension can test both circumstances in a quantitative manner. Thereby, the time
dependence of the dark energy is the dominating effect, and thus the H0 – tension is especially suited as a
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quantitative test of the time evolution of the dark energy. As a result of these tests, we conclude that the theory
applied here is in precise accordance with observation. Thereby that theory is based on quantum gravity only
and applies no fit at all.
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