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Abstract

The acceleration of the expansion of the universe has been observed. To ex-
plain this phenomenon, physicists usually introduce the dark energy (DE)
whose pressure is negative, or they need to modify the gravity to produce a
term equivalent to the dark energy. Are there other possibilities? Combining
our previous works about statistical mechanics of self-gravitating system with
the derivation of van der waals equation, we propose a different matter’s equ-
ation of state (EoS) in this paper. Then, we find that if the matter’s density is
low enough, its pressure can always be negative, which means that it is the
matter that drives the expansion’s acceleration. So here we will not need to
add the DE to the universe. Our results also predict that the universe finally
will tend to be dominated by an approximately constant energy density whose
value can be smaller than DE. The data of Supernova cannot differentiate our
model from the standard model, but they may possibly indicate some devia-
tions from ACDM.
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1. Introduction

Under the assumption of isotropy and homogeneity of our Universe at large
scale structure, people make a successful explanation to the cosmology accele-
rating expansion [1] by introducing a new component called DE, which consti-
tutes of about 70% energy of the universe. Up to now, the most successful view
about the DE is the ACDM model in which the energy density of DE is constant.
Although ACDM model is very consistent with all observational data, it faces the
fine tuning problem [2] and coincidence problem. Alternatively, plenty of other

DE models have also been proposed ([3] [4] [5] [6], also see some reviews, such
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as [7] [8]), but almost all of them solves the acceleration problem either by in-
troducing new degree of freedom or by modifying gravity, which challenges both
cosmology and nuclear physics.

However, do we really need the DE? Or do we need so much DE? We notice
that commonly the matter’s EoS comes from the classical thermodynamics
without consideration of the gravity, has it been confirmed to be reasonable at
the cosmological scale? We think that the answer may be not sure, and [9] has
ever considered the dark matter as van der waals gas to explain the acceleration
of the universe’s expansion. Besides, our latest studies also provide different un-
derstandings of the long-range statistical mechanics as simply shown in the fol-

lowing: if we apply the Boltzmann entropy
S=-[fnfr (1)

into the Newtonian self-gravitating system, with the principle of maximum en-
tropy we will always obtain the isothermal solution with infinite mass and ener-
gy [10], which is a serious problem; [11] preliminarily studies the entropy form
taken by [12] and proposes that a self-gravitating system’s entropy may be a
saddle point and not a maximum; [13] completes the variation process of entro-
py and confirms that we can obtain an EoS which is different from the isother-
mal solution and can give finite mass; [14] shows the different thermodynamics
of self-gravitating system.

In this paper, we will further discuss that the general relativity may also have
similar effects on the matter’s EoS at the cosmological scale. In the next section,
we will show our findings and propose a reason for the universe’s accelerating
expansion without DE. In section 3, we will use the data of supernova to shorten
the range of the values of the parameters in our model. Some discussions and
conclusions will be made in the final section. In this paper, we set ¢ =1 and use

“0” to denote quantity’s current value except Q , below.

2. Explanation for the Acceleration

According to the cosmological principle, the universe is homogeneous and iso-
tropic. The homogeneity and isotropy of the universe requires the ener-

gy-momentum tensor of the matter to be written as
T =(p+p)U*U" + pg"". (2)

where p is the energy density, p is the pressure, and U* is the velocity
four-vector. After we substitute (2) into the Einstein’s equation, we can get the

Friedmann equation:

.. . 8nG
a:—4nG[£+p)a,a2+K:n—pa2, (3)
3 3
where ais the scale factor. The energy-momentum conservation law is

.3
p =—7a(p+p), 4)
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which also can be obtained from Equation (3). Combining the EoS p = p( p)
with Equation (3), we can get the solution of a, pand p . After the inflation, the
universe is assumed to be a gas whose pressure is [15]
2
v

pz?p’ (5)

where v’ is the mean-square velocity, m is the mass of particle, and 7is the

defined temperature. We usuallyuse p=0 and p=p/3 to denote the matter
3kT

(v* ===« 1) and radiation’s (v=1) EoSs respectively, but by Equation (5) we
m

cannot understand the nature of the DE whose pressure is negative, even com-
monly we understand DE by that it does negative work to the universe.

Notice that Equation (5) can be derived by two ways [16]: we can use the re-
lated formulas of the classical statistical mechanics to calculate the matter and
radiation’s EoSs, both of which satisfy Equation (5); it also can be obtained by
the kinetics alone, which needs to consider the bombardment by the particles
(rigid body) on the walls of the container to calculate the kinetic pressure. How-
ever, the classical statistical mechanics does not consider the effects of gravity;
besides, the wall of the container does not exist in the universe, and in fact we
can treat the wall to be a potential well with minus infinity at the boundary for
the particles, while the gas in the universe is in the gravitational potential well
which is different from the wall. If we treat the universe as a thermodynamical
system whose particles interact by gravity, will these two ways mentioned above
still be available under the cosmic background where the effect of general rela-
tivity cannot be neglected? We think that the answer is yes for the radiation, be-
cause the effect of gravity can be neglected compared with the electromagnetic
force; but for the matter whose main component is the dark matter for which the
gravity plays the most important role, the answer may be not sure. In [13] by the
method of statistical mechanics we have obtained an EoS which is used to
describe the thermodynamical equilibrium state of a virialized Newtonian

self-gravitating system:
p=pp+ap®, (6)

where f and o are positive and determined by the energy and mass respec-
tively. S has been identified to m/kT in [14]. Notice that the power index of
the second term of Equation (6)’s right ride is less than 5/6, which ensures that
the mass and energy are finite galdyn08. From Equation (6) we can obtain

p=p ( p) , which can be approximately written as [14]

9
kT kTYs 3
p=—”—a[—j pe. 7)
m m

Of course, Equation (7) is different from Equation (5) even we let
v? =3kT/m . Next we will compare Equation (6) with the van der waals to fur-
ther explain the possible reasonability of Equation (6). The van der waals equa-

tion is:
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(p+’:/—2aj(V—nb)= NKT, (8)

where aand b is used to describe the attractive and repulsive interactions among
the molecules of gas respectively, and they are determined by the potential of the
molecules’ two-body interactions and can be calculated by the method of cluster
expansion in the canonical ensemble (see some books of statistical mechanics
such as [16]). If the potential of the molecules’ two-body interactions has other
forms, a and b will still appear in Equation (8) but their values will be changed.
When we neglect the repulsive interactions and set b =0,V = Nm/p , Equation

(8) becomes
kT ’
p=—p—a(ij P, 9)

which is very analogous to Equation (7), even we can speculate that existence of
a in Equation (7) should be a requirement of possible statistical mechanics
dealing with Newtonian gravitating systems. This speculation is also supported
by the following: the two-body interaction is the main interaction in van der
waals gas and a and b in Equation (8) are related to the two-body interaction;
while the force on the single particle of gravitating system is mainly determined
by the gravitational field generated by all the particles [10], and coincidentally
a in Equation (7) is determined by the total mass. The change of index from 2
to 4/5 may be caused by the change from two-body interactions among mole-
cules to long-range Newtonian gravity. If this speculation is correct, can general
relativity cause similar effect on the EoS of the matter? We do not know the an-
swer, but if such theory exists we may do some guess of its results as the follow-
ing: based on above analysis, we find that /£ is related to the temperature, «

is necessary to denote the effect of the long-range statistical mechanics, and nei-
ther of them will disappear if the gravity changes from the Newtonian to the
general relativity; but the index 4/5 in Equation (7) may be changed in the gen-
eral relativity. So we assume that at the cosmological scale the EoS of the matter

may be written as

2
pm :v?pm _onpéitprtn’t < I’QXO > 0’ (10)

2

where p, :ﬁ, tis a constant, and vand Q , are about constants or very
T

slowly changing functions of the time at the matter dominated era. Here we
temporally do not assume that v* is as small as its value in ACDM. Notice that
the form of Equation (10) can be directly borrowed from the van der waals equ-
ation, and only ¢<1 is speculated from our previous works. Notice that [9]
even considers the dark matter as the van der waals gas with an EoS
p=y0/(1-B)—ap’ to explain the acceleration problem, which is very similar
to this paper. Besides, [17] treats the dark matter interaction as an alternative of

dark energy; [18] [19] also introduce the fluids with p=-p—A4p”, which is to
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describe the dark energy. These works are similar but different from this paper.
Now we will analyze the effect of Equation (10) on the universe’s evolution.
Our model only modifies the pressure of matter, so the cosmic history before the
matter-dominated era is almost not effected and we only consider the later time.
From observations we know that the universe is always expanding, so p, is
decreasing with time. When p, islarge enough, p, 1is positive but is smaller
than Equation (5). After some time, there will be an era described by p, ~0,

just like CDM. But it is evident that the pressure in Equation (10) can be nega-

1-t
Q
[Z—MJ < (11)
o 14

which tells us that when the matter reaches the thermodynamical equilibrium,

tive if

its pressure will be negative if its density is low enough. This really is a surprising
thing but may be natural in our model. Here we will also mention the work of
[20] which proves that the N-particle system’s thermodynamic pressure cannot
be negative if the force between two particles is short range, while coincidentally
the gravity is long-range, which means that the pressure of N-particle gravitating
system has not been ensured to be not negative. Because the matter’s density is
always decreasing, it will satisfy Equation (11) at some time, then can this nega-

tive pressure accelerate the universe’s expansion? This requires p <—p/3, ie.

1-t
Pl (12)
Lo 3v7+1

Of course this equation also can be satisfied because of the expansion of the
universe, so we find that if the long-range statistical mechanics is really different
from the classical one and can produce an EoS like Equation (10), it will be the
matter that drives the universe’s accelerated expansion! The next question is how
the universe will evolve in the future, which requires some detailed calculations.
We substitute Equation (10) into the Equation (4), then the matter’s density will
evolve as

L

a 3B(1-1) -t
C(Oj +Q,, c = 3B 0 i
2 B oy w

Po B

where

2

B:1+%,C:B(1—Q,_O)H—on, (14)

and Q, is the current radiation’s density parameter. Notice that 1< B <4/3.
From observations we know x~0 and Q_, ~ 0.04, if we define

Q =P (15)

DOI: 10.4236/jmp.2021.125038

598 Journal of Modern Physics


https://doi.org/10.4236/jmp.2021.125038

D. B. Kang

its current value Q  =1-Q , will be much closer to 1, which is a major dif-
ference of our model from ACDM. When Q ;=0 (or ais small enough so that
Q_, can be neglected) and Btends to be 1, Equation (13) will become p o a.
If B=1 and ¢=0, the form of Equation (13) will be the same as a direct addi-
tion of the matter and DE, and our model gives the same results as ACDM, but
even at this case our results still provide a different understanding of the un-
iverse, and any deviations from B =1 or t=0 will indicate the preferences of
our model. Because of the universe’s expansion, from Equation (13) we can eas-

ily find that the density will finally approximately become a constant

1

Q)
px=po( on , (16)

If we neglect the variations of vand Q , with time. So our model predicts
almost the same destiny of the universe as ACDM: the standard model says that
the energy consists of the radiation, the matter and the DE, with the expansion
of the universe the DE will dominate and the expansion will accelerate; while our
result states that because there is some unknown physics such as long-range sta-
tistical mechanics, even the universe always expands there is a no-zero mini-
mum of the energy density of the matter, which also accelerates the expansion of
the universe. However, this minimized density can be smaller than DE because:
from Equation (3) we know that @ >0 requires that p decreases slower than
a™, so from Equation (13) we know that not only the constant term but also
other terms whose power indexes are larger than —2 makes the expansion acce-
lerate. So the value of Equation (16) should be smaller than DE if > 0. Ifin the
future the universe’s density becomes a constant, according to Equation (3) our
results may give a smaller value of the Hubble parameter than the standard
model, which also differentiates our results from the standard model.

3. Compared with the Data of SNIa
3.1. Data Analysis

Next we will analyze the data of SNIa. First we need to calculate the Hubble pa-

rameter. It can be expressed by four parameters (7,Q,,,B,h4,) in our model,

x0°

"0] +Q, (1+2)". (17)

H(z) {c(m)”‘“) 10
B

where 4, is the present value of the Hubble parameter /, in unit 100 km/s/Mpc
and zis the redshift.

To check our proposals made in Sec. I and to constrain the model parameters,
we take use of the Union2 dataset [21] and the Hubble evolution data. The Un-
ion2 dataset contains 557 type Ia SN data and covers the redshift range
z= [0.015,1.4] , including samples from other surveys, such as CfA3 [22],
SDSS-II Supernova Search [23] and high-z Hubble Space Telescope.

We fit the SNIa data by minimizing the y* value of the distance modulus.
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y. for SNIa is obtained by comparing theoretical distance modulus

1, (2) = 5log,, [(1 e2)[; dx/E(x)} "

(Hy =42.384—5log,, hy, E(z) = H (z)/HZ ) with observed g, of supernova:

ZSZ,, _ §7: [ﬂm (Zi)_luoh (Zi ):|2 .

i o’ (Zi )
To reduce the effect of 1, we expand y., with respectto g, [24]:
22 =F+2Gu,+ Hyg (18)

where

[ (i =0) =11, (2) T
F—zi: O'Z(Zl-) ’
G :Z/uth (23 4o 20)_fu0b (=)

i O'2 Z-) ’

i

(18) has a minimum as
Zszn = Z,yzn,min = F - GZ/H

which is independent of 4. In fact, it is equivalent to perform an uniform
marginalization over ,, and the difference between 7. and the marginalized
22 is just a constant [17]. We will adopt 72, as the goodness of fit between
theoretical model and SNIa data.

We also use the 12 Hubble evolution data from [25] and [26], its ;(f[ is de-

fined as

i[H(Zi)_iIOb (Zi)]z .

i=1 O

i

In =

Note that the redshift of these data falls in the region ze(0,1.75).
In summary,
i = T dli
and we assume uniform priors on all the parameters. We also prior assume that
the age of our universe 7; satisfies 10 Gyr <7, <20 Gyr.

3.2. Results and Discussions

The analysis is performed by using the Monte Carlo Markov Chain in the multi-
dimensional parameter space to derive the likelihood. Naturally, we employ
some physically obvious limitations to make the estimation of parameters more
robust, for example, we set 7 <1,1< B <4/3 in our analysis. We first investigate
the constraint on the model parameters, and the best-fit values and errors of pa-
rameters are summary in Table 1. We also plot the 1D marginalized distribution

probability of each parameter, shown in Figure 1. The likelihood distribution
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shows a remarkable deviation from the Gaussian distribution, which result in a
discrepancy between the best-fit values and the expected values of the parame-
ters, as consistent with the result in Table 1.

Further, we focus on parameters (7, B), which play a more important role in
our model. The 2D contour plot is shown in Figure 2, which shows that the re-
sults of standard ACDM model are contained in our model. The 20 errors
mean that the case with 7> 0.80 is excluded at 95.4% confidence level, which is

very consistent with our speculation. But constraint on B cannot be obtained.
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Figure 2. 68% and 95% contour plot in #B plane.
Red dot in the center is the expected value.

Table 1. Expected values, 1-o and 2-o error of #,Q ,B,Ah, in this model. The
-lo,-20

second line is in form of Expectation ;75" . And the best-fit values are also shown in the

last line, which are different from the expected values.

t Q, B h,
0.237 35w 0.824 0500 0o 1.030 0.724 005 0o
0.051 0.734 1.008 0.738
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From above results, we find that the data of SNIa cannot differentiate our
model from ACDM. We need to consider the perturbation theory to further test
our model, which will be another work. But from Table 1 and Figure 1 we can
see that the data seem to indicate some deviations from B=1 and (=0, ie
ACDM. Notice that according to current criteria, the dark matter is called to be
cold if v<0.1', which means that B <1.0033, so there is only a very short
range of B for the cold matter. However, both the best-fit and expected value of
B are larger than 1.0033, which suggests that the matter may be not so cold as
ACDM predicts. This conclusion also agrees with some works [27] [28] which
aim to use the warm dark matter to solve the contradictions between observa-

tions and numerical simulations of ACDM at the galaxy scale.

4. Conclusions

Our previous works have proved that the thermodynamics of gravitating systems
at the galaxy scale may be different from the classical one, and we obtain an EoS
like Equation (7), which is in analogy with the van der waals equation. We spe-
culate that it is the long-range statistical mechanics that produces the Equation
(7). Based on possible effect of the general relativity on the matter’s EoS, we
propose that at the cosmological scale, the form of the matter’s EoS may be like
the Equation (10). Then, we find that with the universe’s expansion the matter’s
density will decrease with time to be a no-zero minimized constant, and it is the
matter that drives the expansion’s acceleration. Our work is similar to [9], but
with different form of EoS and different motivation. So our model may provide a
new kind of explanation for the expansion’s acceleration, and there are three major
different results of our model from ACDM:

1). our new defined Q =1-Q is close to 1 and is much larger than its
value in ACDM;

2). Band ¢ may be not exactly to 1 and 0 respectively;

3). if the universe’s density becomes a constant in the future, its value can be
smaller than DE.

It is easier to compare our model with ACDM by the second point, so we use
the data of SNIa to constrain the value of Band ¢ After analyzing the data’s, we
cannot differentiate our model from ACDM, but there seems to be some indica-
tions of deviations from ACDM. To further test our model, we need to consider

the density’s perturbation in the future.
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