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An unexplained acceleration on the order of 10–8 cm s–2, which is close to cH, where c is the speed of light and H is the Hubble 
constant, is detected in gravitationally bound systems of different scales, from the solar system to clusters of galaxies. We 
found that any test body located inside a fractal structure with fractal dimension D = 2 experiences acceleration of the same 
order and confirmed the previous work that photons propagating through this structure decrease the frequency owing to 
gravitational redshift. The acceleration can be directed against the movement of the test body. The fractal distribution of the 
matter should be at scales of at least hundreds of megaparsecs to a few gigaparsecs for the existence of this acceleration.
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1. INTRODUCTION 

The unexplained acceleration of the order of cH~7∙10–8 

cm s–2, where c is the speed of light and H is the Hubble 

constant, is now observed for many objects and systems at 

various scales. The acceleration discussed has been termed 

as universal acceleration by many researchers.

The first use of similar acceleration was possibly the 

modified theory of Newtonian dynamics, which explained 

the flat rotational curves of spiral galaxies, proposed by 

Milgrom (1983a, b, c). Later, the similar scale deviations 

from Newtonian law of gravity were found in solar system 

for two Pioneer spacecrafts by Anderson et al. (2002) 

and several spacecraft flyby maneuvers near the Earth by 

Anderson et al. (2008).

The observations of stellar radial velocity dispersion in 

galactic globular clusters allow the detection of the unusual 

motion of stars in the outer regions of these stellar systems at 

the radii where the acceleration produced by globular clusters 

becomes comparable with the universal acceleration of 10–8 cm 

s–2. The investigation of this effect was published, for example, 

by Scarpa et al. (2011).

Similar uncertainty, namely the flat dependence of stellar 

velocity dispersion on radius, was also found for elliptical 

galaxies (see Chae et al. 2020 as an example). The investigations 

of observed correlations between dynamical and baryonic 

masses in galaxies with different sizes and morphologies [radial 

acceleration relation (RAR)] were published by McGaugh et al. 

(2016), Chan & Del Popolo (2020), etc.

This short overview shows that the unknown acceleration 
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is an observational fact; it is observed at scales ranging from 

several radii of our planet to those of a typical galaxy. If 

these accelerations are explained by one physical scenario, 

the scenario should affect moving bodies at all the above-

mentioned scales, implying the possible scenario to be 

simple and universal. Many studies, starting from Milgrom 

(1983a, b, c), have discussed modifications of Newtonian 

gravitation. In this work, however, we have tried to indicate 

that the standard Newtonian law of gravity, together with 

some special distribution of matter (fractal distribution), 

might be sufficient to explain the obser ved excess 

accelerations.

In particular, we showed that the fractal structure with 

fractal dimension D = 2 exhibits an acceleration of the 

order of cH for all objects within or near the structure at 

scales of at least some hundreds of megaparsecs to a few 

gigaparsecs. In addition, we also attempted to construct 

the simplest model for acceleration in parallel with the 

simplified calculation of the gravitational redshift published 

by Baryshev (1981, 1994) and Baryshev et al. (1994).

    

2. ACCELERATION AND GRAVITATIONAL 
REDSHIFT IN STRUCTURES WITH FRACTAL 
DIMENSION D = 2

We determined the acceleration of the test body inside 

the fractal structure and showed the calculations of 

acceleration and gravitational redshift for the test body and 

photon, respectively. For the photon’s gravitational redshift, 

we used the simplification of results published by Baryshev 

(1981, 1994) and Baryshev et al. (1994). The acceleration 

calculations are presented herein for the first time.

The test body is located near any massive body (for 

example, a fractal structure) of mass M. The acceleration 

experienced by radius R can be expressed as 

 GMa
R2

   =  (1)

A photon leaving the colossal body experiences a 

gravitational frequency shift

 v
v

GMz
Rc2

= =
∆  (2)

For a fractal structure with dimension D, the relationship 

between its mass and radius is
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where ρ is the average density of the minimum sphere of 

radius r0 where the fractal structure begins. This dependence 

of mass on radius in fractal structures was discussed by 

Wertz (1971), Baryshev (1981), and Pietronero (1987). 

According to Baryshev (1994)

 r0 = 10 kpc,    ρ = 5.2 ∙ 10–24 g cm–3 (4)

It defines the mass near 3 × 1011 solar masses inside the 

sphere with 10 kpc radii, which is the mass and size of a 

typical galaxy. Assuming
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or, using Eq. (4), for the case D = 2

 fC r0

4
3
π ρ= = 0.6721 g cm–2 (6)

that is

 M(R) = Cf R
2 (7)

Thus, the acceleration of the test body and the gravitational 

photon frequency shift for a fractal of dimension D = 2 are    

 ( ) fa R GC=  (8)

 ( ) 2

1 ,
c

H
c

= =fz R GC R R  (9)

where the Hubble constant 
1H  
c

= fGC

Thus, the acceleration is constant and the photon 

frequency shift depends linearly on the radius. The linearity 

of gravitational redshift for a fractal dimension D = 2 was 

mentioned by Baryshev (1981, 1994) and Baryshev et al. 

(1994). The coefficient of proportionality in Eq. (9) can be 

compared to the Hubble constant. It is equal to

 f

G C
c2

 = 7.426 ∙ 10–29 cm g–1 ∙ Cf (10)

Using Eq. (4) and Eq. (6), this coefficient can be calculated 
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as follows:

 f

G C
c2  = 4.991 ∙ 10–29 cm–1  

  

then, the Hubble constant 

 
1H
c

= fGC = 46.2 km s–1 Mpc–1 (11)

and the acceleration

 a = GCf = 4.49 ∙ 10–8 cm s–2 (12)

The average density of a fractal (in particular, a fractal 

of D = 2) structure is accepted to decrease afar any point. 

Therefore, the test body moves from a point with a higher 

to lower gravitational potential. Therefore, naturally, the 

acceleration of a test body will be directed against its 

movement, and similarly, a photon emitted in any direction 

will experience a redshift.

The situation should also be valid for any test body 

existing near or inside a fractal structure with a sufficiently 

large radius for the validity of Eq. (3). The scale of the fractal 

structure is not comparable to that of our solar system or 

galaxy; rather, it is at least several hundred megaparsec or 

up to a few gigaparsecs. Assuming the homogeneity of the 

universe at this scale, we can suppose that any moving test 

body can be located near or inside fractal structures.

Currently, indicating that the above-discussed acceleration 

by a fractal structure could be detected only in hyperbolic 

orbits, when a spacecraft changes its direction leaving the 

gravitational field of the Earth or Solar system, is necessary. 

The elliptical orbits in the solar system were not influenced by 

acceleration. An explanation of this phenomenon is beyond 

the scope of the present study.

Thus, the acceleration of a test body located near or inside 

a massive structure with fractal dimension D = 2 and the 

linear gravitational redshift of a photon near or inside this 

structure can be calculated. Shan et al. (2021) reviewed the 

recent determinations of the Hubble constant. Most recent 

determinations are in the range of 66–73 km s–1 Mpc–1.

A better fit can be achieved by changing the initial 

conditions Eq. (4) or using a more realistic model. To 

change the value of Hubble constant calculated by Eq. (11), 

from 46.2 to 69 km s–1 Mpc–1, changing the density in Eq. (4) 

from ρ = 5.2 ∙ 10–24 to 7.8 ∙ 10–24 g cm–3 or the radius from r0 

= 10  to 14.9 kpc is sufficient. The corresponding value of 

acceleration in Eq. (12) is increased to a = 6.70∙10–8 cm s–2. 

Note that the calculated values of the Hubble constant Eq. 

(11) and acceleration Eq. (12) are linearly dependent on the 

accepted values of the density and radius in Eq. (4).

3. DISCUSSION AND CONCLUSION

Baryshev (1994) and Baryshev et al. (1994), using the 

same conditions Eq. (4) but a more sophisticated model, 

calculated the value of Hubble constant as H = 68.6 and 

69 km s–1 Mpc–1, respectively. These values approximate 

the values of the Hubble constant determined by many 

other authors in recent decades, although the large-

scale distribution of matter in the universe is still an open 

question. 

As discussed so far, do fractal structures with dimension 

D = 2 actually exist at several hundred megaparsec to a 

few gigaparsec scales? What is the observed distribution of 

matter on these scales?

In accordance with Jones et al. (2004), where some 

investigations of fractal dimension were reviewed, a fractal 

structure with dimensions close to D = 2 was detected in 

relatively small regions of the universe. Deeper surveys 

seemed to allow a possible increase in D with a transition to 

a homogeneous distribution of matter (D = 3).

Scrimgeour et al. (2012) used the WiggleZ survey for 

galaxies with z ≤ 1. In this research a fractal distribution 

with fractal dimension below D = 2.97 in the range of 80–300 

h–1 Mpc was excluded. This result is based on redshift 

measurements of more than 200 thousand galaxies by the 

WiggleZ survey.

Raikov et al. (2014) found D = 2.69 using a set of 822 

extragalactic supernovae; Shirokov et al. (2017) found D = 

2.55 ± 0.06 for the distribution of 384 gamma-ray bursts on 

scales of 2–6 gigaparsec. Raikov et al. (2014) and Shirokov 

et al. (2017) used a pairwise separation method (Raikov 

& Orlov 2011) to determine the fractal dimension. This 

method allows for the use of a significantly lower number of 

objects to obtain reliable results.

Teles et al. (2021) found the opposite trend, that is, a 

decrease in the fractal dimension at high redshifts. The 

fractal dimension appeared to be equal to D = 1.63 ± 0.20 for 

z ≤ 1 and D = 0.52 ±0 .29 for 1 ≤ z ≤ 6. A reduced UltraVISTA 

survey subsample containing 166,566 galaxies was used in 

this study.

Teles et al. (2022) extended the previous data sample by 

adding 750 k new galaxies with measured redshifts using 

SPLASH and COSMOS2015 catalogues. A decrease in the 

fractal dimension for a redshift z > 1 was confirmed. For z < 

1 the fractal dimension was found to be D = 1.00 ± 0.12 for 

the SPLASH galaxies and D = 1.39 ± 0.19 COSMOS2015. For 

galaxies with 1 ≤ z ≤ 4 the values D = 0.36
0.37 0.83+
− and D 

= 0.27
0.26 0.54+
−  were obtained for SPLASH and COSMOS2015, 

respectively.

Notably, all the above-mentioned researchers tried to 
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determine the distribution of visible matter. The distribution 

of the dark matter remains an open question. All the cited 

investigations were based on different methods, possibly 

leading to different results. Obviously, the fractal nature of 

the distant universe requires more attention.

The acceleration and gravitational redshift due to 

fractal structures with dimensions close to D = 2, even if 

they exist only in relatively small regions, not in the entire 

observed universe, should still significantly influence the 

global distributions of redshift and accelerations from our 

perspective of the universe.

Our simple model of fractal dimension D = 2, or with 

dimensions close to this value, shows that some accelerations 

and redshifts are observable because of the large-scale fractal 

structure of matter distribution. More sophisticated models 

are necessary in the future. That is why we used here only 

Newtonian approximation, while relativistic effects were 

not considered at all because constructing the simple fractal 

model of a matter distribution seems necessary.

All future theories, such as the next version of lambda 

cold dark matter (ΛCDM), or the theories listed by Lópes-

Corredoira & Marmet (2022), should include these effects of 

fractal nature to construct a realistic picture of the universe.
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