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Abstract We consider the astrophysical and cosmological implications of the ex-
istence of a minimum density and mass due to the presence of the cosmological
constant. If there is a minimum length in nature, then there is an absolute minimum
mass corresponding to a hypothetical particle with radius of the order of the Planck
length. On the other hand, quantum mechanical considerations suggest a different
minimum mass. These particles associated with the dark energy can be interpreted
as the “quanta” of the cosmological constant. We study the possibility that these par-
ticles can form stable stellar-type configurations through gravitational condensation,
and their Jeans and Chandrasekhar masses are estimated. From the requirement of the
energetic stability of the minimum density configuration on a macroscopic scale one
obtains a mass of the order of 103 g, of the same order of magnitude as the mass of
the universe. This mass can also be interpreted as the Jeans mass of the dark energy
fluid. Furthermore we present a representation of the cosmological constant and of
the total mass of the universe in terms of ‘classical’ fundamental constants.

Keywords Gravitation - Dark energy - Minimum mass - Dark energy particles

1 Introduction

Several recent astrophysical observations of distant type Ia supernovae [1-4] have
provided the astonishing result that around 95-96% of the content of the universe
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is in the form of dark matter + energy, with only about 4-5% being represented
by baryonic matter. More intriguing, around 70% of the total energy-density may
be in the form of what is called the dark energy, with the associated density pa-
rameter 2pg of the order of 2pg ~ 0.70. The dark energy is responsible for the
recent acceleration of the Universe. The best candidate for the dark energy is the
cosmological constant A, which is usually interpreted physically as a vacuum en-
ergy, with energy density p, and pressure p 4 satisfying the unusual equation of state
pA=—pa/c? = A8 G/c?. Its size is of the order A~ 3 x 107°¢ cm~2 [5, 6].

The existence of the cosmological constant modifies the allowed ranges for var-
ious physical parameters, like, for example, the maximum mass of compact stellar
objects [7-10], thus leading to a modifications of the “classical” Buchdahl limit [11].
In conjunction with other parameters, like the Schwarzschild radius, the cosmolog-
ical constant A leads to a set of scales relevant not only for cosmological, but also
for astrophysical applications. Hence, for example, there exists a lower and an upper
cut-off on the possible velocities of test particles traveling over distances of the order
of Mpc [12].

Since about 70% of the Universe consists of dark energy, which almost entirely
determines its structure and dynamics, it is natural to consider A as a fundamental
constant and to explore the possibilities which follows from enlarging the set of fun-
damental constants of nature, which can be considered as being the speed of light c,
the gravitational constant G, Planck’s constant / and the cosmological constant A,
respectively [13]. On the other hand, we cannot exclude a priori the possibility that
the cosmological constant, which may also be interpreted as a manifestation of the
vacuum energy, can also play an important role not only at galactic or cosmologi-
cal scales, but also at the level of elementary particles. Therefore the presence of the
cosmological constant may require a drastic modification of the basic laws of physics.

In the presence of a cosmological constant, ordinary Poincaré special relativity
is no longer valid, and must be replaced by a de Sitter special relativity, in which
Minkowski space is replaced by a de Sitter spacetime [14]. Consequently, the ordi-
nary notions of energy and momentum change, and will satisfy a different kinematic
relation. Since the only difference between the Poincaré and the de Sitter groups is the
replacement of translations by certain linear combinations of translations and proper
conformal transformations, the net result of this change is ultimately the breakdown
of ordinary translational invariance [15—-17]. From the experimental point of view,
therefore, a de Sitter special relativity might be probed by looking for possible viola-
tions of translational invariance. If we assume the existence of a connection between
the energy scale of an experiment and the local value of the cosmological constant,
there would be changes in the kinematics of massive particles which could hopefully
be detected in high-energy experiments. Furthermore, due to the presence of a hori-
zon, the usual causal structure of spacetime would be significantly modified at the
Planck scale.

By using dimensional analysis, Wesson [13] has found two different masses,
which can be constructed from the set of constants (¢, G, h, A). The mass m p rele-
vant at the quantum scale is

n\ [A
mp = (—) —~35%x107% g, ¢y
c 3
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while the mass m p g relevant to the cosmological scale is

mpe= (S )2 ~1x10% g, @)
G A

The interpretation of the mass mpg is straightforward: it is the mass of the ob-
servable part of the universe, equivalent to 108 baryons of mass 1072* g each. The
interpretation of the mass m p is more difficult. By using the dimensional reduction
from higher dimensional relativity and by assuming that the Compton wavelength of
a particle cannot take any value, Wesson [13] proposed that the mass is quantized
according to the rule m = (nh/c)~/A/3. Hence mp is the minimum mass corre-
sponding to the ground state n = 1.

With the use of the generalized Buchdahl identity [7], it can be rigorously proven
that the existence of a non-negative A imposes a lower bound on the mass M and
density p for general relativistic objects with radius R, which is given by [18]

26u = A 3 _ M AT 3)
=6 " PTazRI T 16nG ™

Therefore, the existence of the cosmological constant implies the existence of an
absolute minimum density in the universe. No object present in relativity can have
a density that is smaller than ppi,. For A > 0, this result also implies a minimum
density for stable fluctuations in energy density. These results have been generalized
to compact anisotropic general relativistic objects in [19], where it was shown that in
the presence of the cosmological constant, a minimum mass configuration with given
anisotropy does exist. For charged general relativistic objects there is also a lower
bound for the mass-radius ratio [20]. By considering the total energy (including the
gravitational one) and the stability of the objects with minimum mass-radius ratio,
a representation of the mass and radius of the charged objects with minimum mass-
radius ratio in terms of the charge and vacuum energy only has been obtained.

It is the purpose of the present paper to further explore the possible physical impli-
cations of the existence of a minimum mass in the universe, given by (3), and which
is a direct consequence of the existence of a non-zero cosmological constant. In par-
ticular, we show that if a minimum length does exist in nature, then the condition (3)
does imply the existence of an absolute minimum mass. By combining the rigorous
result for the minimum mass with the dimensional analysis of Wesson [13], we can
obtain an intriguing representation of the vacuum energy as a function of the funda-
mental constants ¢, G, h as well as the mass m, and the radius r, of the electron. On
the other hand, by considering the possibility of the gravitational condensation of the
dark energy fluid we obtain the interpretation of the mass m pg as the Jeans mass of
the gravitational dark energy condensate. By minimizing the total (matter plus grav-
itational) energy of a stable configuration consisting of particles with the minimum
mass we provide a rigorous derivation of the cosmological mass m pg, given by (2).

The present paper is organized as follows. The physical implications of the exis-
tence of a minimum mass are presented in Sect. 2. The gravitational condensation of
the dark energy particles is considered in Sect. 3. The total energy (including the grav-
itational one) for stable configurations of particles with minimum mass is obtained in
Sect. 4. We briefly conclude and discuss our results in the last section.
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2 Minimum Mass and Radius of Dark Energy Particles

At a microscopic level two basic quantities, the Planck mass mp; and the Planck
length [p; are supposed to play a fundamental physical role. The Planck mass is
derived by equating the gravitational radius 2Gm /c* of a Schwarzschild mass with
its Compton wavelength 7i/mc. The corresponding mass mp; = (ch/2G)'/? is of
the order mp; ~ 1.5 x 107 g. The Planck length is given by Ip; = (hG/c)1/? ~
1.6 x 10733 cm and at about this scale quantum gravity will become important for
understanding physics. The Planck mass and length are the only parameters with di-
mension mass and length, respectively, which can be obtained from the fundamental
constants ¢, G and h.

The problem of the physical nature of the cosmological constant/dark energy is
one of the most important issues confronting modern physics. A popular interpreta-
tion of the cosmological constant is in terms of the vacuum energy (poyqc), Which is
of the order (pyac) =~ 2 x 107" GeV*. However, astronomical observations indicate
that the cosmological constant is many orders of magnitude (around 10'2%) smaller
than the estimate for vacuum energy. Many different approaches to the solution of
this problem have been proposed, like the interpretation of the cosmological constant
as an integration constant, anthropic considerations, quantum cosmology etc. [21].
Presently, astronomical observations suggests that dark energy could be dynamical
and evolving, with the dark-energy density approaching its natural value, zero. The
smallness of the dark energy is a result of the expansion of the universe and its old
age [5].

Due to the fact that in a curved space-time the vacuum is not unique, the phenom-
enon of particle production occurs in an expanding universe as a typical quantum
effect [22]. As the universe evolves, and the curvature changes, the vacuum state also
changes, and the initial zero particle vacuum state becomes later a multiparticle state.
If the universe is decelerating and is asymptotically Minkowskian at infinity, in the
large time limit the particle production does not occur any more. However, observa-
tions indicate that we are living in an accelerating universe, and the mechanism of
particle production can be very important. The rate of the particle production for a
flat universe filled with a fluid with equation of state p = ap, where « is arbitrary,
has been obtained recently in [23]. The calculations were performed for the case of a
massless scalar field, for which the corresponding Klein-Gordon equation was solved.
The rate of particle production is determined exactly for any value of ¢, including
o = —1. When the strong energy condition is satisfied, the rate of particle produc-
tion decreases as time goes on, in agreement to the fact that the four-dimensional
curvature decreases with the expansion; the opposite occurs when the strong energy
condition is violated. Hence the “cosmological constant” (with pc> = — p) can be an
effective source of particles, during a purely de Sitter evolutionary phase [23].

An alternative approach to particle production from a dark energy vacuum fluid
was suggested in [24], by assuming that the vacuum, with the energy density pro-
portional to A, gives up energy which corresponds to a particle with rest mass m, so
that dA = —6(mc/ h)zds. This situation is similar to the Dirac hole theory, in which
a positron is regarded as a hole created in an underlying sea of energy. Particle pro-
duction from dark energy can also be interpreted in geometrical terms. The vacuum
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energy/cosmological constant is a “sea of energy” that curves the space-time hav-
ing a curvature L = /3/A. Locally, a perturbation in the vacuum corresponds to a
change in curvature, and a change in the curvature leads to a change in the quantum
mechanical vacuum state, resulting in a production of a massive particle.

From (3) one can estimate the numerical value of the minimal density for a positive
A as ppmin = Ac?/161G =8.0 x 10730 g cm ™3,

Since the Planck length /p; is a natural minimal length scale in physics, we define
the absolute minimal mass which possibly can exist in nature by

Ac? 4 Ac? A [R3G A Ahtp
Mupin = ——— 13 = 3y = | — = ——mp|l3, = —~—, (4
=626 3 TG T\ S Tena =35 @

where we denoted by 7p; the Planck time ¢p; = [p;/c. The numerical value of M,
is given by

Mpin ~ 1.4 x 10717 g2 7.9 x 1075 eV. (5)

If an absolute minimum length does exist in nature, then, via the first of (3), a pos-
itive cosmological constant implies the existence of an absolute minimum mass in
nature, given by (4).

Hypothetical particles having this value of the mass may be called cosminos.
The cosminos could also be interpreted as “quanta” of the dark energy (cosmo-
logical constant), and therefore My, gives the mass of the quantum of the cos-
mological constant. Compared with the upper bound of the electron neutrino mass
m,, < 1.8 eV [25], we emphasize the smallness of the minimal mass Mp;y.

By generalizing (4) we propose that the mass is quantized according to the general
rule

ARty ©)
M=y e

which is different from Wesson’s proposal [13].

From a purely quantum mechanical point of view, the value of the minimum mass
can be derived with the use of the uncertainty principle for energy and time, which
gives

2yl ™)
MpinC~ X —.
min Al’

By assuming that Az is of the same order of magnitude as the age of the Universe,
At ~ 1/Hy, where Hy & 3.24 x 10718 s—1 js the Hubble constant (the present value
of the Hubble function), we obtain for the minimum mass the expression

hH,
Min = c—zo ~3.8017 x 107 g. (8)

The numerical value of the minimum mass obtained from quantum mechanical
considerations agrees with the value of the mass m p = (i/c)+/ A /3 obtained by Wes-
son [13] by using purely dimensional considerations. Therefore it is natural to assume
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that these two masses are the same, thus obtaining

h A hH)y
— )/ = ===, 9
( c ) 3 2 ©)
which gives

Hy=c

A (10
3 )

We propose to call particles having the mass given by myin = mp cosmons’.

The possibility of the existence of a very light scalar particle, also named cosmon,
a dilaton which should essentially decouple from the Standard Matter Lagrangian,
but still could mediate new macroscopic forces in the submillimeter range, was
proposed in [30]. The mass of the cosmon is given by m% = A4QC D /M*, where
Agcp = 100 MeV is the intrinsic QCD scale and M > 1019 GeV is some high
energy scale [30]. The mass of this particle is of the order of the neutrino mass,
ms ~ (1073-1072) eV ~ 2 x (10730-10731) g. Therefore it represents a very dif-
ferent particle as compared to the minimum mass particles considered in the present
paper.

By assuming however, that the minimum mass in nature is given by m p = mp;y it
follows that the radius corresponding to m p is given by

hG 1/3
Rp :431/6<—3) ATVO 19137 A1, (11
Cc

with the numerical value Rp = 4.7 x 10™13 cm = 4.7 fm. This would also imply that
the minimum length in nature could be very different from the Planck length lp;.

In fact the radius Rp is of the same order of magnitude as the classical radius
of the electron r, = e?/m.c> = 2.81 x 10713 cm. Therefore, by formally equating
Rp with r, and neglecting terms of the order of unity gives a representation of the
cosmological constant in terms of the ‘classical’ fundamental constants as

l4 hZGZ 6 .6
A=BL_ T2 141070 em 2, (12)
ry e

Conceptually, the identification of the radius Rp to the electron radius r, may be
based on a “small number hypothesis”, representing an extension of the large number
hypothesis by Dirac [31], and which proposes that the numerical equality between
two very small quantities with a very similar physical meaning cannot be a simple
coincidence.

1Cosmons were originally introduced by Peccei, Sola and Wetterich [26] to name scalar fields that could
dynamically adjust the cosmological constant to zero, see also [27-29].
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3 Gravitational Condensation of Dark Energy Particles

Recently a class of hypothetical compact objects called gravastars (gravitational
vacuum stars) have been proposed as potential alternatives to explain the astrophys-
ical phenomenology traditionally associated to black holes [32]. According to this
scenario, the quantum vacuum undergoes a phase transition at or near the location
the event horizon is expected to form. Hence the gravastar consists of an interior de
Sitter condensate, governed by an equation of state pc? = —p, matched to a shell
of finite thickness with an equation of state pc> = p. The latter is then matched to
an exterior Schwarzschild solution. Dark energy stars, for which the interior vac-
uum energy is much larger than the cosmological energy, have also been investigated
[33, 34]. Hence the possibility that condensation processes, like, for example, Bose-
Einstein condensation, could play an essential role in astrophysical and cosmological
situations cannot be excluded a priori.

Generally, Bose-Einstein condensation processes take place in a Bose gas consist-
ing of particles with mass m and number density n when the thermal de Broglie wave
length Ayp = /2w h?/mkT, where k is Boltzmann’s constant and 7 is the tempera-
ture, exceeds the mean inter-particle distance n'/3, and the wave packets percolate in
space. The critical condensation temperature is T < 27 h>n%/3 /mk [35]. If we assume
an adiabatic cosmological expansion of the universe, the temperature dependence of
the number density of the particle is T o< n*/3. Hence Bose-Einstein condensation oc-
curs if the mass of the particle satisfies the condition m < 1.87 eV [36], a condition
which is obviously satisfied by both cosminos and cosmons. Hence these particles
may Bose-Einstein condense to form large scale astrophysical or cosmological struc-
tures.

It is tempting to assume that the cosmons with mass M, or mpiy, = mp could
condense gravitationally to form stellar type stable compact objects. To study the
cosmological implications of the condensation process we assume that the cosmon
fluid, with an initial density pg = Ac?/87 G and pressure py, satisfying the equation
of state ,ooc2 + po = 0, condenses into a non-relativistic, dissipationless fluid, which
can be characterized by a density p, a pressure p, a velocity v and a gravitational
acceleration g. The dynamics of the system is described by the continuity equation,
the hydrodynamical Euler equation and the Poisson equation, which can be written
as

ap av 1
ot ot P

Vxg=0, V.g=—-4nGp. (14)

We take as the initial (unperturbed) state of the system the state characterized by
the absence of the “real” gravitational forces, g = gy = 0, of the hydrodynamical flow,
v = v = 0, and by constant values of the density and pressure, p = pg and p = po,
respectively, with pgc? + po = 0. The condensation process leads to the appearance
of the gravitational interaction in the system, as well as to small perturbations of the
hydrodynamical quantities, so that

P =po+ p1, p = po+ pi, vV=v(+ Vv, g=go+gl, (15)
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so that —1 K< p1/pp < 1 and —1 K p1/po < 1, respectively. In the first order ap-
proximation equations (13) and (14) take the form

9p1 vy v2

Py povovi=0, - Dy , 16

a7 + o0V - vy a7 o o1+ g1 (16)
Vxg =0, V.g1 =—4nGpy, a7

where we have introduced the adiabatic speed of sound vy in the condensed cos-
mon fluid, defined as vy = +/p1/p01 = +/0p/0p. By taking the partial derivative with
respect to the time of the continuity equation in (16), we obtain the propagation equa-
tion of the density perturbation in the cosmon fluid in the form

W:USV p1+7,01 (18)
By looking for a solution of the form p; o< exp[i(k - r — wt)], we obtain the fol-
lowing dispersion relation for w

A 2
w? = 2k — T, (19)
2
From the dispersion equation one can see that for k < k;, where
k= A (20)
J = 21}2 ’

is the Jeans wave number, the angular frequency w becomes an imaginary quantity,
which corresponds to an instability of the fluid-p; can increase (or decrease) ex-
ponentially, leading to a gravitational condensation (or rarefaction). Therefore, for

k <kj, = %v,,/k? — k3 = iImo, where Inw = Zv;,/k% — k2, and consequently
p1 xexp[E£|Imow|t].

When the mass of the condensate exceeds the mass of a sphere with radius 27/ ky,
a gravitational instability occurs in the cosmon fluid, and the cloud of particles would
collapse. The critical mass is the Jeans mass M; = (47 /3)(2r/k N3 po, and for the
cosmon fluid it is given by

32 3
M, = @;ﬁ(E) C A2 a1.6x10° % (A cm—z)—1/2<ﬁ) e 2D
3 c) G c
For A =3 x 107 cm~2 we obtain M; = 9.24 x 10% (vy/c)’ g. By taking into
account the representation of the cosmological constant in terms of the “classical
constants” given by (12), we obtain for the critical Jeans mass of the cosmon fluid the
expression

82 3 Vs 36
Mj=—— — ) —— 22
! 3 (c) hG?m3c @2)

@ Springer



224 Found Phys (2008) 38: 216-227

The effective radius R; of the stable cosmon configuration is given by

6
Ry =P pg= 12032 5 ¢ (23)
c c hGm3c3
The theoretical value of the maximum mass M¢y, of the stable compact astrophys-
ical type objects, like white dwarfs and neutron stars, was found by Chandrasekhar
and Landau and is given by the Chandrasekhar limit,

i 3 3/2
Mcp ~ [(56)%4/3} , (24)

where mp is the mass of the particles giving the main contribution to the mass
(baryons in the case of the white dwarfs and neutron stars) [37]. Thus, with the ex-
ception of some composition-dependent numerical factors, the maximum mass of a
degenerate star depends only on fundamental physical constants.

The Jeans mass for cosmons can also be written in the form of a Chandrasekhar
limiting mass, if we assume that the cosmons have an effective mass m.rs given by

3/2

m
Meff = (Gﬁ5C5)1/4;;3, (25)
so that M; = [8ﬁn3(vs/c)3/3][(hG/c)me_;y3]3/2. The value of the effective mass

of the cosmon is m.fr ~ 8 x 10720 g,

On the other hand, one can also assume that the cosminos or the cosmons
could form stellar type objects with the limiting mass given by the Chandrasekhar
limit, (24). The mass of such an hypothetical super-massive object formed from cos-
minos with mass My, is of the order of Mgg =8 x 1057 g, which exceeds by
around 180 orders of magnitude the mass of our universe. Therefore, it follows that
cosminos did not condense gravitationally, and hence the particles associated with
dark energy fail to represent dark matter, which is in complete agreement with the
present standard model of cosmology. On the other hand, in the case of cosmons for
the Chandrasekhar limiting mass M(%z we obtain Mg;f =2.7782 x 10" g, which
also shows that degenerate cosmon stars, having masses much larger than the mass
of the universe, are very unlikely to exist.

4 Gravitational Energy of Stable Cosmon Configurations

The total energy (including the gravitational field contribution) inside an equipoten-
tial surface S of radius R can be defined, according to [38], to be

4
E=Ey+Ep=——& / (K1dS, (26)
87 G S

where & Iisa Killing vector field of time translation, & its value at S and [K] is
the jump across the shell of the trace of the extrinsic curvature of S, considered as
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embedded in the 2-space t = constant. Ej; = |, s Tikéi /—gd Sk and E are the energy
of the matter and of the gravitational field, respectively. This definition is manifestly
coordinate invariant.

For a static spherically symmetric system in a Schwarzschild-de Sitter space-time
the total energy is

¢t 2GM A )\ 2GM A ,\'?
E=—=R|1-(1-=——-2=R 1-=—-ZRrR) . @
G 2R 3 2R 3

For the minimum mass particle the total energy can be expressed in terms of the
radius and cosmological constant only as

A A 1/2 A 1/2
E=ER|:1—<1—ER2> }(1—3132) ) (28)

For a stable configuration, the energy should have a minimum, 0 £ /9 R = 0, a condi-
tion which determines R as

1
Rpc =3 1 +V/13A72~ 13 x A712, 29)

Therefore the mass of the stable configuration can be obtained as

1.15¢2 1 23 ro \°
Mpe=——A"1"?~02--2~0.2 -, 30
BC e Gl%,, mPl(lPl (30)

which gives a mass of the order Mpc & 8.2 x 10°* g, a value which is close to the
mass m p g, which follows from dimensional considerations, and is of the same order
of magnitude as the total mass of the observable universe. Therefore we may regard
the observable universe as a dark energy dominated object with minimum density.

For the second derivative of the energy, evaluated for R = Rpc, we obtain the ex-
pression (32E/9R?) |R=Rpc = —6.89+/A, which shows that indeed the configuration
is in a state of minimum total energy.

5 Discussions and Final Remarks

In the present paper we have investigated some of the possible consequences of the
existence of a minimum mass and density for stable general relativistic objects, which
is a direct result of the existence of the cosmological constant. The existence of a fun-
damental length, assumed to be the Planck scale, leads to an absolute minimum mass
in nature, which could be the mass of the quanta of the dark energy (the cosminos),
with radius of the order of the Planck length. However, the application of the quantum
uncertainty principle for the energy shows that the mass of the elementary particles
associated to the dark energy (the cosmons) is given by m p = hiHy/c? = (l/c) /A /3.
If this is indeed the case, then the radius of such a particle is of the same order of mag-
nitude as the classical electron radius. This leads to the intriguing possibility of the
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electron charge and radius, or, more generally, of the electromagnetic processes, as
playing an essential role in the dark energy related phenomena.

We also propose that “dark energy particles” may condensate, either Bose-Einstein
or gravitationally, to form compact super-massive objects, formed of cosminos or
cosmons, respectively. The mass of this condensation, which is gravitationally stable,
was derived using two independent methods. Firstly, we have assumed that the dark
energy fluid condenses into a dissipationless, non-relativistic fluid. The correspond-
ing Jeans mass is proportional to A~!/2, and (except some numerical factors) is the
same as the mass m pg introduced from dimensional considerations. Its numerical
value is of the same order of magnitude as the total mass of the universe.

The requirement that the total energy of the stable configuration formed from the
particle satisfying the relation 2GM = A /6R? is a minimum leads to a second, rigor-
ous derivation of the mass m p g, which is of the same order of magnitude as the mass
of the universe. This also shows that the only energetically stable dark energy dom-
inated general relativistic objects must have a mass of the same order of magnitude
as our universe. Therefore the general relativistic condition (3) as combined with the
thermodynamic condition of energetic stability may explain the actual value of the
mass of the universe. Moreover, the total mass of the universe can also be obtained in
terms of the elementary constants c, h, e, m,, G.

Therefore, these two independent results may imply that our universe was born as
the result of the dark energy condensation, which took place at a very high temper-
ature and density. Hence the initial constituents of our universe may have been the
cosmons. We also obtain the physical interpretation of the masses m pg and Mpc as
the critical Jeans mass of the Universe, that is, the mass of the gravitationally sta-
ble dark particles clouds. This result also gives a new physical interpretation of the
cosmological constant. From (20), by assuming that the speed of sound in the gravita-
tionally condensed dark energy fluids is equal to the speed of light, v = ¢, it follows
that A = k%, that is, physically the cosmological constant represents the square of
the Jeans wave number of a dark energy fluid. Alternatively, one can express the
cosmological constant as A = 872/1%, where A; = 277/ ky is the Jeans wavelength.
Moreover, the mass of the universe can be expressed in terms of three fundamen-
tal quantities, the Planck mass m p;, the Planck length /p;, and the classical electron
radius ., respectively.

On the other hand, even that the estimation of the limiting Chandrasekhar
masses [37] for cosmons suggests the possible existence of super-massive stable de-
generate dark energy objects, the existence of such stars with masses much larger
than the mass of the universe is impossible in the universe we are living in.

Finally, it would be very interesting to recall the cosmological constant problem
again here. If it is interpreted as a measure of the vacuum energy density and from a
particles physics point of view, the cosmological constant A is 120 orders of magni-
tude too small than expected [5].

Let us therefore assume that the cosmological constant were indeed 120 orders of
magnitude larger. This would have drastic consequences for the minimal mass and
we would find M, ~ 10! eV, in which case the minimal mass would exceed the
masses of all elementary particles. From this point of view, we would like to also
argue that because of the resulting problems, the interpretation of the cosmological
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constant as the vacuum energy density may raise some conceptual contradictions with
the results derived in the present paper.

Acknowledgements We would like to thank to the two anonymous referees, whose comments helped us
to significantly improve an earlier version of the manuscript. The work of T.H. was supported by the RGC
grant No. 7027/06P of the government of the Hong Kong SAR. Part of the work of C.G.B. was supported
by grant BO 2530/1-1 of the German Research Foundation (DFG).

References

Riess, A.G., et al.: Astron. J. 116, 109 (1998)

Perlmutter, S., et al.: Astrophys. J. 517, 565 (1999)

de Bernardis, P, et al.: Nature 404, 995 (2000)

Hanany, S., et al.: Astrophys. J. 545, L5 (2000)

Peebles, PJ.E., Ratra, B.: Rev. Mod. Phys. 75, 559 (2003)

Padmanabhan, T.: Phys. Rep. 380, 235 (2003)

Mak, M.K., Dobson Jr., PN., Harko, T.: Mod. Phys. Lett. A 15, 2153 (2000)

Bohmer, C.G.: Gen. Relativ. Gravit. 36, 1039 (2004)

Bohmer, C.G.: Ukr. J. Phys. 50, 1219 (2005)

Balaguera-Antolinez, A., Bohmer, C.G., Nowakowski, M.: Int. J. Mod. Phys. D 14, 1507 (2005)

. Buchdahl, H.A.: Phys. Rev. 116, 1027 (1959)

Balaguera-Antolinez, A., Bohmer, C.G., Nowakowski, M.: Class. Quantum Gravity 23, 485 (2006)

Wesson, P.S.: Mod. Phys. Lett. A 19, 1995 (2004)

Aldrovandi, R., Beltran Almeida, J.P., Pereira, J.G.: arXiv:gr-qc/0702065 (2007)

Aldrovandi, R., Beltran Almeida, J.P., Mayor, C.S.0., Pereira, J.G.: arXiv:0709.3947 (2007)

Aldrovandi, R., Beltran Almeida, J.P., Mayor, C.S.O., Pereira, J.G.: arXiv:0710.0610 (2007)

Aldrovandi, R., Beltran Almeida, J.P., Pereira, J.G.: Class. Quantum Gravity 24, 1385 (2007)

Bohmer, C.G., Harko, T.: Phys. Lett. B 630, 73 (2005)

Bohmer, C.G., Harko, T.: Class. Quantum Gravity 23, 6479 (2006)

Bohmer, C.G., Harko, T.: Gen. Relativ. Gravit. 39, 757 (2007)

. Weinberg, S.: Rev. Mod. Phys. 61, 1 (1989)

. Birrel, N.D., Davies, P.C.W.: Quantum Fields in Curved Space. Cambridge University Press, Cam-
bridge (1982)

23. Batista, A.B., Fabris, J.C., Houndjo, S.: arXiv:0710.0999 (2007)

24. Wesson, P.S.: Found. Phys. Lett. 19, 285 (2006)

25. Trinczek, M., et al.: Phys. Rev. Lett. 90, 012501 (2003)

26. Peccei, R.D., Sola, J., Wetterich, C.: Phys. Lett. B 195, 183 (1987)

27. Wetterich, C.: Nucl. Phys. B 302, 668 (1988)

28. Sola, J.: Phys. Lett. B 228, 317 (1989)

29. Sola, J.: Int. J. Mod. Phys. A 5, 4225 (1990)

30. Shapiro, IL., Sola, J.: Phys. Lett. B 475, 236 (2000)

31. Dirac, PA.M.: Proc. R. Soc. A 333, 439 (1974)

32. Mazur, P.O., Mottola, E.: Proc. Natl. Acad. Sci. 101, 9545 (2004)

33. Chapline, G.: arXiv:astro-ph/0503200 (2005)

34. Lobo, F.S.N.: Class. Quantum Gravity 23, 1525 (2006)

35. Bohmer, C.G., Harko, T.: J. Cosmol. Astropart. Phys. 06, 025 (2007)

36. Fukuyama, T., Morikawa, M., Tatekawa, T.: arXiv:0705.3091 (2007)

37. Shapiro, S.L., Teukolsky, S.A.: Black Holes, White Dwarfs, and Neutron Stars. Wiley, New York

(1983)
38. Katz, J., Lynden-Bell, D., Israel, W.: Class. Quantum Gravity 5, 971 (1988)

PN AW =

PO R DD = = = e b e e e
BeSoxlohrbD-Sw0

@ Springer



	Physics of Dark Energy Particles
	Abstract
	Introduction
	Minimum Mass and Radius of Dark Energy Particles
	Gravitational Condensation of Dark Energy Particles
	Gravitational Energy of Stable Cosmon Configurations
	Discussions and Final Remarks
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


