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New predictions from the logotropic model

Pierre-Henri Chavanis
Laboratoire de Physique Théorique, Université de Toulouse, CNRS, UPS, France

In a previous paper [P.H. Chavanis, Eur. Phys. J. Plus 130, 130 (2015)] we have introduced a
new cosmological model that we called the logotropic model. This model involves a fundamental
constant A which is the counterpart of Einstein’s cosmological constant in the ACDM model. The
logotropic model is able to account, without free parameter, for the constant surface density of the
dark matter halos, for their mass-radius relation, and for the Tully-Fisher relation. In this paper,
we explore other consequences of this model. By advocating a form of “strong cosmic coincidence”
we predict that the present proportion of dark energy in the Universe is Qae,0 = €/(1 + €) ~ 0.731
which is close to the observed value. We also remark that the surface density of dark matter
halos and the surface density of the Universe are of the same order as the surface density of the
electron. This makes a curious connection between cosmological and atomic scales. Using these
coincidences, we can relate the Hubble constant, the electron mass and the electron charge to the
cosmological constant. We also suggest that the famous numbers 137 (fine-structure constant) and
123 (logotropic constant) may actually represent the same thing. This could unify microphysics and
cosmophysics. We study the thermodynamics of the logotropic model and find a connection with
the Bekenstein-Hawking entropy of black holes if we assume that the logotropic dark fluid is made
of particles of mass ma ~ hvA/c? = 2.08 x 10723 eV /c? (cosmons). In that case, the universality
of the surface density of the dark matter halos may be related to a form of holographic principle
(the fact that their entropy scales like their area). We use similar arguments to explain why the
surface density of the electron and the surface density of the Universe are of the same order and
justify the empirical Weinberg relation. Finally, we combine the results of our approach with the
quantum Jeans instability theory to predict the order of magnitude of the mass of ultralight axions

m ~ 1072* eV /c? in the Bose-Einstein condensate dark matter paradigm.

PACS numbers: 95.30.5f, 95.35.4+d, 95.36.+x, 98.62.Gq, 98.80.-k

I. INTRODUCTION

The nature of dark matter and dark energy remains
one of the greatest mysteries of modern cosmology. Dark
matter is responsible for the flat rotation curves of the
galaxies and dark energy is responsible for the acceler-
ated expansion of the Universe. It is found that dark
energy represents about 70% of the energy content of the
present Universe while the proportions of dark matter
and baryonic matter are 25% and 5% respectively.

In a previous paper [1] (see also [2, 3]) we have in-
troduced a new cosmological model that we called the
logotropic model. In this model, there is no dark matter
and no dark energy. There is just a single dark fluid.
What we call “dark matter” actually corresponds to its
rest-mass energy and what we call “dark energy” corre-
sponds to its internal energy.!

Our model does not contain any arbitrary parameter so
that it is totally constrained. It involves a fundamental
constant A which is the counterpart of Einstein’s cos-
mological constant [4] in the ACDM (cold dark matter)
model and which turns out to have the same value. Still
the logotropic model is fundamentally different from the

1 Many models try to unify dark matter and dark energy. They
are called unified dark energy and dark matter (UDE/M) models.
However, the interpretation of dark matter and dark energy that
we give in Refs. [1, 2] is new and original.

ACDM model.

On the large (cosmological) scales, the logotropic
model is indistinguishable from the ACDM model up to
the present epoch [1-3]. The two models will differ in
the far future, in about 25 Gyrs years, after which the
logotropic model will become phantom (the energy den-
sity will increase as the Universe expands) and present
a Little Rip (the energy density and the scale factor will
become infinite in infinite time) contrary to the ACDM
model in which the energy density tends towards a con-
stant (de Sitter era).

On the small (galactic) scales, the logotropic model is
able to solve some of the problems encountered by the
ACDM model [1, 2]. In particular, it is able to account,
without free parameter, for the constant surface density
of the dark matter halos, for their mass-radius relation,
and for the Tully-Fisher relation.

In this paper, we explore other consequences of this
model. By advocating a form of “strong cosmic coin-
cidence”, stating that the present value of the dark en-
ergy density pge,o is equal to the fundamental constant
pa appearing in the logotropic model, we predict that
the present proportion of dark energy in the Universe is
Qge,0 = /(1 + €) = 0.731 which is close to the observed
value 0.691 [5]. The consequences of this result, which
implies that our epoch is very special in the history of
the Universe, are intriguing and related to a form of an-
thropic cosmological principle [6].

We also remark that the universal surface density of
dark matter halos (found from the observations [7] and
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predicted by our model [1, 2]) and the surface density
of the Universe are of the same order of magnitude as
the surface density of the electron. This makes a curi-
ous connection between cosmological and atomic scales.
Exploiting this coincidence, we can relate the Hubble
constant, the electron mass and the electron charge to
the cosmological constant A. We also argue that the
famous numbers 137 (fine-structure constant) and 123
(logotropic constant) may actually represents the same
thing. This may be a hint for a theory of unification of
microphysics and cosmophysics. Speculations are made
in the Appendices to try to relate these interconnections
to a form of holographic principle [8] stating that the en-
tropy of the electron, the entropy of dark matter halos,
and the entropy of the Universe scales like their area as
in the case of the entropy of black holes [9, 10].

II. THE LOGOTROPIC MODEL
A. Unification of dark matter and dark energy

The Friedmann equations for a flat universe without
cosmological constant are [11]:

(1)

de a\? _ 8nG
dt a o

a
— +3= P) = H?>= |- -
+3CL(6+ ) =0, ( 32 ©

where €(t) is the energy density of the Universe, P(t) is
the pressure, a(t) is the scale factor, and H = a/a is the
Hubble parameter.

For a relativistic fluid experiencing an adiabatic evo-
lution such that T'd(s/p) = 0, the first law of thermody-
namics reduces to [11]:

_ P+e
P

de

dp, (2)

where p(t) is the rest-mass density of the Universe. Com-
bined with the equation of continuity (1), we get

—+3gp:0:»p:— (3)

where pg is the present value of the rest-mass density (the
present value of the scale factor is taken to be ag = 1).
This equation, which expresses the conservation of the
rest-mass, is valid for an arbitrary equation of state.

For an equation of state specified under the form P =
P(p), Eq. (2) can be integrated to obtain the relation
between the energy density € and the rest-mass density
p. We obtain [1]:

Py
= to [Ty —p vt @

We note that u(p) can be interpreted as an internal en-
ergy density [1]. Therefore, the energy density e is the
sum of the rest-mass energy pc? and the internal energy

u(p).

B. The logotropic dark fluid

We assume that the Universe is filled with a single dark
fluid described by the logotropic equation of state [1]:

P=Aln (p), (5)

PP

where pp = ¢®/hRG? = 5.16 x 102 gm~3 is the Planck
density and A is a new fundamental constant of physics,
with the dimension of an energy density, which is the
counterpart of the cosmological constant A in the ACDM
model (see below). Using Eqs. (4) and (5), the relation
between the energy density and the rest-mass density is

e=pc® — Aln (p) — A = pc* +ulp). (6)
pP

The energy density is the sum of two terms: a rest-
mass energy term pc? = poc?/a® that mimics the en-
ergy density €, of dark matter and an internal en-
ergy term u(p) = —Aln(p/pp) — A = —P(p) - A =
3AIna— Aln(po/pp) — A that mimics the energy density
€de Of dark energy. This decomposition leads to a nat-
ural, and physical, unification of dark matter and dark
energy and elucidates their mysterious nature.

Since, in our model, the rest-mass energy of the dark
fluid mimics dark matter, we identify poc? with the
present energy density of dark matter. We thus set
poc® = Qm,o€o, where €o/c® = 3HZ/8wG is the present
energy density of the Universe and ), is the present
fraction of dark matter (we also include baryonic mat-
ter). As a result, the present internal energy of the dark
fluid, ug = €y — poc?, is identified with the present dark
energy density €qe,0 = de,0€0 Where Qgeo =1 — Qo is
the present fraction of dark energy. Applying Eq. (6) at
the present epoch (ag = 1), we obtain the identity

A= e . (7)
In (P;—) +In (l_ﬂzeyo) 1

At that stage, we can have two points of view. We can
consider that this equation determines the constant A as
a function of €y and Qqe,0 that are both obtained from the
observations [5]. This allows us to determine the value
of A. This is the point of view that we have adopted
in our previous papers [1, 2] and that we adopt in Sec.
IID below. However, in the following section, we present
another point of view leading to an intriguing result.

C. Strong cosmic coincidence and prediction of
Qde,O

Let us recall that, in our model, A is considered as a
fundamental constant whose value is fixed by Nature. As
a result, Eq. (7) relates Qge o to € for a given value of
A. A priori, we have two unknowns for just one equa-
tion. However, we can obtain the value of Q4. by the
following argument.



We can always write the constant A under the form

pac

—_ (8)
In (p—P)

PA

A=

This is just a change of notation. Eq. (8) defines a
new constant, the cosmological density pp, in place of
A. From the cosmological density pp, we can define an
effective cosmological constant A by?

A
PN = G (9)

Again this is just a change of notation. Therefore, the
fundamental constant of our model is either A, pp or
A (equivalently). We now advocate a form of “strong
cosmic coincidence”. We assume that the present value
of the dark energy density is equal to ppc?, i.e.,

€de,0 = pAc2. (10)

Since, in the ACDM model, €4, is a constant usually
measured at the present epoch our postulate implies
that pac? coincides with the cosmological density in the
ACDM model and that A, as defined by Eq. (9), coin-
cides with the ordinary cosmological constant. This is
why we have used the same notations. Now, comparing
Egs. (7), (8) and (10) we obtain In [Qge,0/(1 — Qde,0)] —
1 = 0 which determines Q4e,0. We find that

e
QE};O = 17_’_6 ~ (0.731 (11)

which is close to the observed value Q3% = 0.691 [5].
This agreement is puzzling. It relies on the “strong cos-
mic coincidence” of Eq. (10) implying that our epoch
is very special. This is a form of anthropic cosmological
principle [6]. This may also correspond to a fixed point
of our model. In order to avoid philosophical issues, in
the following, we adopt the more conventional point of
view discussed at the end of Sec. IIB.

D. The logotropic constant B

We can rewrite Eq. (8) as

1
A = Bppc? with B=———. 12
In(pp/pa) ()

Again, this is just a change of notation defining the di-
mensionless number B. We shall call it the logotropic

2 We stress that our model is different from the ACDM model
so that A is fundamentally different from Einstein’s cosmological
constant [4]. However, it is always possible to introduce from the
constant A an effective cosmological density pp and an effective
cosmological constant A by Egs. (8) and (9).

constant since it is equal to the inverse of the logarithm of
the cosmological density normalized by the Planck den-
sity (see Appendix A). We note that A can be expressed
in terms of B (see below) so that the fundamental con-
stant of our model is either A, pp, A, or B. In the fol-
lowing, we shall express all the results in terms of B. For
example, the relation (6) between the energy density and
the scale factor can be rewritten as
€ Qm,O

—=3 + (1= Qmo)(1 +3Blna). (13)

Combined with the Friedmann equation (1) this equa-
tion determines the evolution of the scale factor a(t) of
the Universe in the logotropic model. This evolution has
been studied in detail in [1-3].

Remark: Considering Eq. (13), we see that the ACDM
model is recovered for B = 0. According to Eq. (12) this
implies that pp — +oo, i.e., i — 0. Therefore, the
ACDM model corresponds to the semiclassical limit of
the logotropic model. The fact that B is intrinsically
nonzero implies that quantum mechanics (A # 0) plays
some role in our model in addition to general relativity.
This may suggest a link with a theory of quantum gravity.

E. The value of B from the observations

The fundamental constant (A, pa, A, or B) appearing
in our model can be determined from the observations
by using Eq. (7). We take Qqeo = 0.6911 and Hy =
2.195 x 10~ '8s~1 [5]. This implies €y/c? = 3HZ/87G =
8.62 x 10724 gm ™ and €4e0/c® = Qae0€0/c® = 5.96 x
10724 gm=3. Since In[Qge0/(1 — Qaeo0)] — 1 = —0.195
is small as compared to In(ppc?/eqe0) = 283, we can
write in very good approximation A as in Eq. (8) with
PA = €de0/c? as in Eq. (10). Therefore,

3Qde.0 H?
A= = 596X 107 gm™ (14)
and
A =300 0HZ = 1.00 x 1073% 572 (15)

are approximately equal to the cosmological density and
to the cosmological constant in the ACDM model. From
Eq. (12) we get

1 1
B = ~
In(pp/pa) — 1231n(10)

As discussed in our previous papers [1-3], B is essentially
the inverse of the famous number 123 (see Appendix A).
Finally,

~3.53x 1073 (16)

A=Bprc? =189 x 10 2gm ts2. (17)

From now on, we shall view B given by Eq. (16) as
the fundamental constant of the theory. Therefore, ev-
erything should be expressed in terms of B and the other



fundamental constants of physics defining the Planck
scales. First, we have

PA gi/; =e VB =116 x 10712, (18)
ppr TC
Then,
A —1/B —126
5 = Be =4.08 x 1072, (19)
ppc

The logotropic equation of state (5) can be written as
P/ppc® = Be~Y/Pln(p/pp). Using Eq. (10) and eqe o =
Qde,0€0, We get

€0 1

_ ~1/B _ —123
—_—— = —ue =1.67 x 10 . 20
pprc®  Qdeo (20)

Finally, using Eq. (1),

8
3Qde,0

1/2
tpHy = ( ) e /28 =118 x 1076, (21)

where tp = (hG/c®)'/? = 5.391 x 10~ **s is the Planck
time. In the last two expressions, we can either consider
that Qge,o is “predicted” by Eq. (11) or take its measured
value. To the order of accuracy that we consider, this
does not change the numerical values.

F. Generalized logotropic models

Recently, the original logotropic model corresponding
to a purely logarithmic equation of state P = Aln(p/p.)
[1-3] has been generalized to an expression of the form
P = A(p/p.) ™In(p/p«) where n is a free parameter
[12-14]. Interestingly, this equation of state is similar to
the Anton-Schmidt [15] equation of state for crystalline
solids in the Debye approximation [16]. In that case,
the index n can be written as n = —1/6 — 7o where v¢
is the so-called Griineisen [17] parameter. The original
logotropic model is recovered for n = 0. The authors
of [12] compared the predictions of the generalized lo-
gotropic model with cosmological observations and found
that B ~ 3.54 x 107% and n = —0.1471(:1¢3. This con-
firms the robustness of the value of the fundamental con-
stant B = 3.53 x 1073 introduced in [1, 2]. On the other
hand, up to the error bars, the value of n is close to
n = 0, corresponding to the logotropic model (see also
[3]). This suggests that the logotropic model tends to be
selected among more general families of models contain-
ing additional parameters {n}. What is crucial in the
logotropic model is the logarithmic factor In(p/p.). Very
generally, we could consider an equation of state of the
form P = A, (p)In(p/ps) with A, (p) — cte when n — 0.
In the present paper, we stick to the original logotropic
model [1-3] but it would be interesting to see how the re-
sults are modified in more general circumstances [12-14].

III. PREVIOUS PREDICTIONS OF THE
LOGOTROPIC MODEL

The interest of the logotropic model becomes appar-
ent when it is applied to dark matter halos [1, 2]. We
assume that dark matter halos are described by the lo-
gotropic equation of state of Eq. (5) with A = 1.89 x
1072gm~1s72 (or B = 3.53 x 1072). At the galactic
scale, we can use Newtonian gravity.

A. Surface density of dark matter halos

It is an empirical evidence that the surface density of
galaxies has the same value

YOPS = porp, =~ 295gm ™2 ~ 141 My /pc®  (22)

even if their sizes and masses vary by several orders of
magnitude (up to 14 orders of magnitude in luminosity)
[7]. Here py is the central density and rp, is the halo radius
at which the density has decreased by a factor of 4. The
logotropic model predicts that the surface density of the
dark matter halos is the same for all the halos (because
A is a universal constant) and that it is given by [1, 2]

1/2 1/2
261“:( . ) fhz(B) DoV oy

AnG 32 T G
where &, = 5.8458... is a pure number arising from
the Lane-Emden equation of index n = —1 expressing

the condition of hydrostatic equilibrium of logotropic
spheres.® Numerically,

T =278 gm ™2 =~ 133 My /pc?, (24)

which is very close to the observational value (22). The
fact that the surface density of dark matter halos is deter-
mined by the effective cosmological constant A (usually
related to the dark energy) tends to confirm that dark
matter and dark energy are just two manifestations of
the same dark fluid, as we have assumed in our model.
Remark: The dimensional term ¢v/A/G in Eq. (23) can
be interpreted as representing the surface density of the
Universe (see Appendix B). We note that this term alone,
cvV/A/G = 14200gm~2 = 6800M /pc?, is too large to

3 The logotropic spheres [1, 2], like the isothermal spheres and
some polytropic spheres [18], have an infinite mass. This im-
plies that the logotropic equation of state cannot describe dark
matter halos at infinitely large distances. Nevertheless, it may
describe the inner region of dark matter halos and this is suffi-
cient to determine their surface density. The stability of bounded
logotropic spheres has been studied in [19] by analogy with the
stability of bounded isothermal and polytropic spheres [20—22]
and similar results have been obtained. In particular, bounded
logotropic spheres are stable provided that the density contrast
is not too large.



account precisely for the surface density of dark matter
halos so that the prefactor (B/32)'/2(¢,/7) = 0.01955
is necessary to reduce this number. It is interesting to
remark that the term cv/A/G arises from classical gen-
eral relativity while the prefactor oc B'/2 has a quantum
origin as discussed at the end of Sec. IID. Actually, we
will see that it is related to the fine-structure constant «
[see Eq. (33) below].

B. Mass-radius relation

There are interesting consequences of the preceding re-
sult. For logotropic halos, the mass of the halos calcu-
lated at the halo radius 7, is given by [1, 2]

M, = 1.49 Sori. (25)

This determines the mass-radius relation of dark matter-
halos. On the other hand, the circular velocity at the
halo radius is 1),2Z = GMy/ry, = 1.49%Gry,. Since the
surface density of the dark matter halos is constant, we
obtain

Mh 2 Vh 2 Th
— 198 : ( ) — 08527 (26
M, (pc) kms—! pc (26)

The scalings M}, « r% and vfb x 11, (and also the prefac-
tors) are consistent with the observations.

C. The Tully-Fisher relation

Combining the previous equations, the logotropic
model leads to the Tully-Fisher [23] relation v} oc My
or, more precisely,

My \™ fo 4
— = ———— =464 Mk 27
( v ) 1LA95} G2 okm™s,  (27)
where f, = My/Mj, ~ 0.17 is the cosmic baryon fraction

[24]. The predicted value from Eq. (27) is close to the

observed one (M, /v})™ = 47 + 6 Mokm ™ *s* [24].

Remark: The Tully-Fisher relation is sometimes justi-
fied by the MOND (Modification of Newtonian dynam-
ics) theory [25] which predicts a relation of the form
vf; = GagM, between the asymptotic circular velocity
and the baryon mass7 where ag is a critical acceleration.
Our results imply af? = 1.62 x 10_10 ms_2 which is close
to the value a3 = (1 34+0.3)x10~ ~2 obtained from
the observatlons [24]. Combining Eqs. (25) and (27),
we first get af' = (1.49/£,)GE = GM;,/(fyr?) which
shows that ag can be interpreted as the surface gravity
of the galaxies GXg (which corresponds to Newton’s ac-
celeration GMj,/r?) or as the surface gravity of the Uni-
verse (see Appendix C). Then, using Eqs. (15) and (23),
we obtain af® = (1. 49/fb)(B/32)1/2(§h/7r)cf Hyc/4
which explains why ag is of the order of Hyc [2]. We em-
phasize, however, that we do not use the MOND theory
in our approach and that the logotropic model assumes
the existence of a dark fluid.

D. The mass Ms3go

The logotropic equation of state also explains the
observation of Strigari et al. [26] that all the dwarf
spheroidals (dSphs) of the Milky Way have the same to-
tal dark matter mass Mjgg contained within a radius

= 300pc, namely Mggfg ~ 107" My The logotropic
model predicts the value [1, 2]

471'Zth 2

fh\/i

which is in very good agreement with the observational
value.

Mip, = =1.82 x 10" M, (28)

IV. A CURIOUS CONNECTION BETWEEN
ATOMIC AND COSMOLOGICAL SCALES

A. The surface density of the electron

The classical radius of the electron r. can be ob-
tained qualitatively by writing that the electrostatic en-
ergy of the electron, e?/r., is equal to its rest-mass en-
ergy mec?. Recalling the value of the charge of the elec-
tron e = 4.80 x 10~13 1/2 m3/2s~1 and its mass m, =
9.11x 102 g, we obtain re = 62/7nec2 =2.82x10""Ym
As a result, the surface density of the electron is*

3

m3ct
2627: €
et

= 115g/m? = 54.9 My /pc?, (29)

which is of the same order of magnitude as the surface
density of dark matter halos from Eq. (22). This coinci-
dence is amazing in view of the different scales (atomic
versus cosmological) involved. More precisely, we find
Y. = oXi with ¢ ~ 0.413. Of course, the value of o
depends on the precise manner used to define the surface
density of the electron, or its radius, but the important
point is that this number is of order unity.

B. Relation between o and B

By matching the two formulae (23) and (29), writing
Y, = oXi, we get

3272 me 6.6G2
B&o? 8

32m2 mlcrG?
B{igza‘l rt

A= (30)

4 We note that the Thomson cross-section o = (87/3)(e?/mec?)?
can be written as o = (87/3)r2 giving a physical meaning to the
classical electron radius r.. We also note that r. can be written
as re = ah/mec = alc where A\c = hi/mec is the Compton
wavelength of the electron and « is the fine-structure constant «
[see Eq. (A1)]. Similarly, we can write ¥ = (1/a?)m2c?/h2.



where we have introduced the fine-structure constant «
in the second equality (see Appendix A). This expres-
sion provides a curious relation between the cosmological
constant, the mass of the electron, and its charge. This
relation is similar to Weinberg’s empirical relation (see
Appendix B) which can be written as [combining Eqgs.
(15) and (B3)]
mScS G2

A= 1927r2u29de,0€€7

T (31)

where p ~ 3.42. Note that in our formula (30), A ap-
pears two times: on the left hand side and in B (which
depends logarithmically on A). This will have important
consequences in the following.
Bohmer and Harko [27], by a completely different ap-
proach, found a similar relation®
R2G?mSe8

A=v ¢ =

v G?mbSc?
el2 a6 ph

— (32)

where v ~ 0.816 is of order unity. Their result can be ob-
tained as follows. They first introduced a minimum mass
ma ~ VA /c? = 2.08 x 10733 eV /c? interpreted as being
the mass of the elementary particle of dark energy, called
the cosmon. Then, they defined a radius R by the rela-
tion mp ~ ppR? where py = A/87G is the cosmological
density considered as being the lowest density in the Uni-
verse. Finally, they remarked that R ~ 8.54 x 1071°m
has typically the same value as the classical radius of the
electron 7, = €2 /m.c? = 2.82x 1071 m. Matching R and
r. leads to the scaling of Eq. (32). We have then added
a prefactor v and adjusted its value in order to exactly
obtain the measured value of the cosmological constant
[5]. Since the approach of Béhmer and Harko [27] is es-
sentially qualitative, and depends on the precise manner
used to define the radius of the electron, their result can
be at best valid up to a constant of order unity.

We would like now to compare the estimates from Egs.
(30) and (32). At that stage, we can have two points
of view. If we consider that comparing the prefactors
is meaningless because our approach can only provide
“rough” orders of magnitude, we conclude that Egs. (30)
and (32) are equivalent, and that they are also equiva-
lent to Weinberg’s empirical relation (B3). Alternatively,
if we take the prefactors seriously into account (in partic-
ular the presence of B which depends on A) and match
the formulae (30) and (32), we find an interesting relation
between the fine-structure constant « and the logotropic
constant B:

1/2

a= (1) 17 /B ~ 0.123V/B. (33)
32 s

Therefore, the fine-structure constant (electron charge

normalized by the Planck charge) is determined by the

5 A closely related formula, involving the Hubble constant instead
of the cosmological constant, was first found by Stewart [28] in
1931 by trial and error.

logotropic constant B (logarithm of the cosmological den-
sity normalized by the Planck density) by a relation of
the form o o< B'/2. This makes a connection between
atomic scales and cosmological scales. This also suggests
that the famous numbers 137 and 123 (see Appendix A)
are related to each other, or may even represent the same
thing. From Eq. (33), we have®

137 ~ 12.3v/123. (34)

Remark: the logotropic constant B is related to the
effective cosmological constant A by [see Eq. (18)]

B—— 1 (35)

8mcS )

n (Zx)
Using Egs. (33) and (35), we can express the fine-
structure constant a as a function of the effective cos-

mological constant A or, using Eq. (21), as a function of
the age of the Universe ty = 1/Hy. We get

o — 0.123 _ 0.123 (36)
_ln(SWcs)l/z - 1/2 1/2°
GhR V2In [(35: 0) :ﬁ}

We emphasize the scaling 1/a o< (Inty)'/2. Tt is interest-
ing to note that similar relations have been introduced in
the past from pure numerology (see [29], P. 428). These
relations suggest that the fundamental constants may
change with time as argued by Dirac [30, 31].

C. The mass and the charge of the electron in
terms of B

Using Egs. (32), (33) and (35), we find that the mass
and the charge of the electron (or the fine-structure con-
stant) are determined by the cosmological constant A
according to

1 AR\ YC AR\ YO
Me = mOL (G202> = 1.03« <C¥202)
= 911x107%g, (37

2

0o & (1/)1/2 &no 1 B 0.123
7{7 @ T xes\1/2 - mes\ /2
¢ ™ In (Fr) In (Zx)

1
= 69

Alternatively, using Eqgs. (9), (18), (30) and (33), the nor-
malized mass and the normalized charge of the electron

6 We note that the prefactors in Egs. (33) and (34) appear to be
close to 123/1000 and 123/10, where the number 123 appears
again (!). We do not know whether this coincidence is fortuitous
or if it bears a deeper significance than is apparent at first sight.



are determined by the logotropic constant B according
to

1/6
m 8w v\1/2 &o -1
e (22 el ShY /Be—1/(6B)
Mp (y> (32) P

=0.217VBe Y/(68) = 418 x 10723, (39)

2

£ = (1)1/2 $h7 /B — 0.123VB = 7.20 x 10, (40)
qp 32 m

where Mp = (hc/G)'/? = 2.18 x 107° g is the Planck
mass and ¢p = (he)'/? = 5.62x 10712 g/2m3/2 571 is the
Planck charge. These relations suggest that the mass and
the charge of the electron (atomic scales) are determined
by the effective cosmological constant A or B (cosmologi-
cal scales). We emphasize the presence of the exponential
factor e=1/(6B) in Eq. (39) explaining why the electron
mass is much smaller than the Planck mass while the

electron charge is comparable to the Planck charge [see
Eq. (40)].

D. A prediction of B

If we match Egs. (23) and (B2), or equivalently Egs.
(30) and (31), we obtain

1
B#PP — 41
BT (41)

Taking A*PP = 1 (since we cannot predict its value) and
Qi o = e/(1+e) [see Eq. (11)], we get B*P = 6.67x10~°
instead of B = 3.53 x 1073. We recall that the value
of B was obtained in Sec. IIE from the observations.
On the other hand, Eq. (41) gives the correct order of
magnitude of B without any reference to observations,
up to a dimensionless constant A ~ 1.41 of order unity.
Considering that B is predicted by Eq. (41) implies that
we can predict the values of A, Hy, o, m. and e without
reference to observations, up to dimensionless constants
A~ 1.41, v ~ 0.816 and o ~ 0.413 of order unity. We
note, however, that even if these dimensionless constants
(A, v, o) are of order unity, their precise values are of
importance since B usually appears in exponentials like
in Egs. (18), (21) and (39).

V. CONCLUSION

In this paper, we have developed the logotropic model
introduced in [1, 2]. In this model, dark matter corre-
sponds to the rest mass energy of a dark fluid and dark
energy corresponds to its internal energy. The ACDM
model may be interpreted as the semiclassical limit 7 — 0
of the logotropic model. We have first recalled that the
logotropic model is able to predict (without free param-
eter) the universal value of the surface density of dark

matter halos ¥, their mass-radius relation My, — ry, the
Tully-Fisher relation M;, ~ v} and the value of the mass
M3 of dSphs. Then, we have argued that it also predicts
the value of the present fraction of dark energy Qgeo.
This arises from a sort of “strong cosmic coincidence” but
this could also correspond to a fixed point of the model.
Finally, we have observed that the surface density of the
dark matter halos g is of the same order as the surface
density of the Universe ¥4 and the surface density of the
electron ¥.. This makes an empirical connection between
atomic physics and cosmology. From this connection, we
have obtained a relation between the fine-structure con-
stant o ~ 1/137 and the logotropic constant B ~ 1/123.
We have also expressed the mass m, and the charge —e
of the electron as a function of B (or as a function of
the effective cosmological constant A). Finally, we have
obtained a prediction of the order of magnitude of B inde-
pendent from the observations. In a sense, our approach
which expresses the mass and the charge of the electron
in terms of the cosmological constant is a continuation of
the program initiated by Eddington [32] in his quest for
a ‘Fundamental Theory of the physical world in which
the basic interaction strengths and elementary particle
masses would be prediced entirely combinatorically by
simple counting processes [6]. In the Appendices, we try
to relate these interconnections to a form of holographic
principle [8] (of course not known at the time of Edding-
ton) stating that the entropy of the electron, the dark
matter halos, and the Universe scales like their area as
in the case of black holes [9, 10].

This paper has demonstrated that physics is full of
“magic” and mysterious relations that are still not fully
understood (one of them being the empirical Weinberg
relation). Hopefully, a contribution of this paper is to
reveal these “mysteries” and propose some tracks so as
to induce further research towards their elucidation.

Appendix A: The constants a and B

There are two famous numbers in physics, 137 and
123, which respectively apply to atomic and cosmological
scales.

At the atomic level, the fine-structure constant «, also
known as Sommerfeld’s constant [29], is a dimensionless
physical constant characterizing the strength of the elec-
tromagnetic interaction between elementary charged par-
ticles. Its value is

e e? 1 _3

e @ 137_7.30><10 . (A1)
It can be seen as the square of the charge e = 4.80 X
1013 g1/2m3/25=1 of the electron normalized by the
Planck charge gp = (hc)'/? = 5.62 x 10712 g!/2m3/2 71,
The quantum theory does not predict its value. The
number 1/a ~ 137 intrigued a lot of famous researchers
including Born, Dirac, Eddington, Feynman, Hawking,



Heisenberg, Landé, and Pauli among others [29]. Feyn-
man writes [33]: It’s one of the greatest damn mysteries
of physics: a magic number that comes to us with no un-
derstanding by man. You might say the “hand of God”
wrote that number, and “we don’t know how He pushed
his pencil.”

At the cosmological level, there is another famous num-
ber

1 1
~ In(pp/pa) ~ 1231n(10)

~3.53x 1073, (A2)

It can be seen as the inverse of the logarithm of the cos-
mological - or dark energy - density pp = A/87G =
5.96 x 1072*gm=3 (where A = 1.00 x 1073%s72 is the
cosmological constant), normalized by the Planck density
pp = ¢ /hG? = 5.16x10° gm—3. This number appeared
in connection to the so-called cosmological constant prob-
lem [34, 35], i.e., the fact that there is a difference of 123
orders of magnitude (pp/pa ~ 10123) between the Planck
density pp and the cosmological density ps interpreted
as the vacuum energy.

We have suggested in this paper that the two dimen-
sionless constants o and B, or the two numbers 137 and
123, are related to each other [see Egs. (33) and (34)]
and that, in some sense, they correspond to the same
thing. If this idea is correct, it would yield a fascinating
connection between atomic and cosmic physics.

Appendix B: Surface density of the Universe,
surface density of the electron and Weinberg’s
empirical relation

Using qualitative arguments, let us determine the sur-
face density of the Universe. The Hubble time (~ age
of the Universe) is tp = 1/Hy = 14.4 billion years.
The Hubble radius (~ radius of the visible Universe) is
Rp = cty = ¢/Hy = 1.37x10%° m. The present density of
the Universe is €g/c? = 3H3 /877G = 8.62 x 10~ 2* gm 3.
The Hubble mass (~ mass of the Universe) is My =
(4/3)m(eo/c?)R3 = ¢3/2GHy = 9.20 x 10°° g. Combin-
ing these relations, we find that the surface density of the
Universe is

MA CHO

YA =

— = =392¢m 2 = 188 M, 2. (B1
iTRY 871G 392gm 88 Mo/pe”. (B1)

It can be written as X5 = cHy/rkct where k = 87G/ct is
Einstein’s gravitational constant (which includes the 8
factor). Using Eq. (15), we obtain

5, 1 C\/K
A 8 /300 G

This relation shows that the surface density of the Uni-
verse provides the correct scale for the surface density of
dark matter halos [see Eq. (23)]. We have ¥, = AX{"
with A ~ 1.41.

(B2)

Therefore, the surface density of the Universe is of the
same order as the surface density of the dark matter halos
which is also of the same order as the surface density of
the electron (as we have previously observed). We have
YA = pu¥e with p = Mo ~ 3.42. Matching Eqgs. (29)

and (B1), we get
€4HO 1/3
e = <87ruGc3> ’

This relation expresses the mass of the electron as a func-
tion of its charge and the Hubble constant. This mys-
terious relation is mentioned in the book of Weinberg
[11] where it is obtained from purely dimensional argu-
ments.” He observed that the term in the right hand side
of Eq. (B3) has the dimension of a mass and that this
mass, 1.37 x 10727 g (with pu® = 1), is of the order of
the mass of the electron. The fact that relation (B3) ex-
presses the commensurability of the surface density of the
Universe and the surface density of the electron, as we
observe here, may help elucidating its physical meaning
(see Appendix C4).

Remark: If the dark matter halos resulted from the
balance between the gravitational attraction and the re-
pulsion due to the dark energy, they would have a typi-
cal density My /r3 ~ pp. Actually, such an equilibrium
is unstable as is well-known in the case of the Einstein
static Universe. Therefore, the radius of dark matter ha-
los must satisfy the constraint 7, < (Mp/pa)*/3. Now,
we have seen that their mass-radius relation scales as
My, ~ (ev/A/G)r?. We then find that the constraint r, <
(My,/pa)'/? is satisfied provided that M; < ¢*/Gv/A.
Since the upper bound is of the order of the mass of the
Universe, My ~ c?/ GV/A, we conclude that the size of
the dark matter halos is always much smaller than the
critical size (7p)eric = (Mp/pa)'/? as required for stabil-
ity reasons.

(B3)

Appendix C: Analogy with black hole
thermodynamics

1. Black hole entropy

The Bekenstein-Hawking [9, 10]
Schwarzschild black hole is given by

entropy of a

A B kpmcdR?

1
o =gk = en

(C1)

7 Weinberg considers this relation as “so far unexplained” and hav-
ing “a real though mysterious significance”. Similar relations
have been obtained in the past by Stewart [28], Eddington [32]
and others from purely heuristic arguments or from dimensional
analysis [6, 29, 36]. Their goal was to express the mass of the
elementary particles in terms of the fundamental constants of
Nature.



where A = 47 R? is the area of the event horizon of the
black hole and Ip = (Gh/c®)Y/? = 1.62 x 10%° m is the
Planck length. The radius of a Schwarzschild black hole
is connected to its mass by

2GM
2

R= . (C2)
The Hawking temperature [10] of a Schwarzschild black
hole is

B hed B hc
T 8tGM  4nR’

The black hole entropy (C1) can be obtained from the
Hawking temperature (C3) by using the thermodynamic
relation T = dSpy/d(Mc?). If we consider a Planck
black hole of radius [p and mass Mp, we find that
its temperature is of the order of the Planck tempera-
ture Tp = MPCQ/]CB = 1.42 x 10%2K and its entropy
Spu/kp ~ 1.

kpT (C3)

2. Analogy between the Universe and a black hole

Using the results of Appendix B, we note that the ra-
dius of the Universe is related to its mass by

2G M,
02

Ry = . (C4)
This expression coincides with the mass-radius relation
(C2) of a Schwarzschild black hole. This coincidence has
sometimes led people to say that the Universe is a black
hole, or that we live in a black hole, although this analogy
is probably too naive. Nevertheless, at least on a purely
dimensional basis, we can use the analogy with black
holes to define the entropy and the temperature of the
Universe. In this manner, we get a temperature scale
(temperature on the horizon)

izﬁwh\/&

T =
FpT 4R 47

(C5)

Its value is Th ~ 2.41 x 1072 K. The temperature can
be written as

2h
kpTy = caA7

(Co)

where

GM 2 H
A ¢ :C—ONCA

@A A 47TR12\ 8T RA 8

(C7)

is the surface gravity of the Universe (similar relations
apply to black holes). We note that Y5 = ¢2/87GR,.
We can also write

kBTA = mAc2, (CS)
with

VAN

ma ~ =5 = 208X 107 eV/S (CO)

This mass scale is often interpreted as the smallest mass
of the bosons predicted by string theory [37] or as the
upper bound on the mass of the graviton [38].% It can be
contrasted from the mass scale

3
GVA
which is usually interpreted as the mass of the Universe.

Thus mp and M, represent fundamental lower and upper
mass scales. Their ratio is

My ~ =7.16 x 1038 eV /c?, (C10)

My cd op
ma  GhA " pa
which exhibits the famous number 123 (see Appendix A).
On the other hand, our analogy between the Universe
and a black hole leads to an entropy scale (entropy on
the Hubble horizon):

eMB 10123,

(C11)

_ k37rc3R?\ B kpmcd kpc®
~ Gh  GhHZ GhA'
We note that the entropy of the Universe can be written
as

Sa

(C12)

M, YA R?
SA/kBNmiiN#AAN

eV/B 1012, (C13)
This entropy may be identified with the total entropy of
the logotropic dark fluid (see the Appendix of [3] and
Appendix E). It can be compared to the entropy of ra-
diation [39]:

Sraa/k _ 4 MBM 121/4#
rad/ VB — 3 S 15 (Hotp)3/2

= 5.64 x 10%7, (C14)
obtained by using Eq. (E2) with Pag = €rad/3, €rad =
oT* with ¢ = 7%k}/15¢3h3 (Stefan-Boltzmann con-

stant), €;aa = Qrad.0€0/a* and Qrag 0 = 9.24x107°. They
differ by about 36 orders of magnitude.

Remarks: We note that TySy = (1/2)Mac? so the
free energy of the Universe is Fi = Myc? — TaSy =
(1/2)Mac®. On the other hand, using Eqs. (18) and
(39), we obtain the relations

A L e=1/2B) = 340 x 10792, (C15)
Mp
Te  VBe'/GB) = 566 x 10%. (C16)

ma

Since ma ~ pard (see Sec. IVB) we have me/mp ~
pe/pa. The gravitational radius of the cosmon is rp =
2Gmy /c? ~ GhVA /et = 2.75 x 1079 m.

8 It is simply obtained by equating the Compton wavelength of
the particle Ac = h/mc with the Hubble radius Ry = ¢/Hg (the
typical size of the visible Universe) giving ma = hHo/c?. Using
Eq. (15), we obtain Eq. (C9). By comparison, if we identify the
Compton wavelength A\c = h/mc with the Schwarzschild radius
rg ~ Gm/c? we get the Planck mass Mp = (fic/G)/2.



3. Entropy of logotropic dark matter halos

Let us define the entropy of a logotropic dark matter
halo by
My,

S ~kpN ~kg—",
ma

(C17)

where M), is the halo mass and mp is the mass of the
hypothetical particle composing the logotropic dark fluid.
Using the mass-radius relation M, ~ Zor? of a logotropic
dark matter halo, where ¥o ~ ¢v/A/G is the universal
surface density given by Eq. (23), we get

kBC\/KT,QL

s GmA

(C18)
Interestingly, the entropy given by Eq. (C18) scales like
the surface r7 of the object, similarly to the black hole
entropy (C1).” This may be connected to a form of holo-
graphic principle [8]. Matching the formulae (C1) and
(C18), we find that mp corresponds to the mass given
by Eq. (C9). Inversely, if we assume from the start that
the logotropic dark fluid is composed of particles of that
mass (cosmons), we find that the entropy of dark matter
halos coincides with the entropy of black holes.!® On the
other hand, since the surface density of the Universe is of
the same order as the surface density of dark matter ha-
los, the previous formulae also apply to the Universe as a
whole and return the results of Appendix C2. This may
be a form of justification, for reasons of self-consistency,
of Eq. (C17).

Remark: 1f we alternatively define the entropy of dark
matter halos by S ~ kg M}, /m,. where m, is the electron
mass and use M; ~ Eor,% with g ~ Y., where Y. is
the surface density of the electron given by Eq. (29), we
obtain

(C19)

which is similar to the black hole entropy formula (C1)
where the Planck length [p is replaced by the classical
radius of the electron r.. It is not clear, however, if this
formula is physically relevant.

4. Postulates: entropic principles

We can find a form of explanation of the different re-
lations found in this paper by making the following two

9 Inversely, a manner to understand why the surface density of the
dark matter halos has a universal value is to argue that their
entropy given by Eq. (C17) should scale like 72 (see Appendix
C4).

10 Of course, we are not claiming that dark matter halos are black
holes since they obviously do not fulfill the Schwarzschild relation
(C2). However, they may have the same entropy as black holes
expressed in terms of r, [see Eq. (C1)].

10

postulates.

Postulate 1: We postulate that the entropy of the elec-
tron, the entropy of dark matter halos and the entropy
of the Universe (and possibly other objects) is given by

]{ZBC?’R2

S~—an

(C20)
like the Bekenstein-Hawking [9, 10] entropy of black holes
(C1), where R is the radius of the corresponding object.
This may be connected to a form of holographic principle
[8] stating that the entropy is proportional to the area
(instead of the volume). Therefore,

CST2

Se/ks ~ oy

(electron) (C21)

3.2
ST

kn ~
S/ks ~ "oy

(dark matter) (C22)

AR%

Safks ~ o5

(Universe)

(C23)

Postulate 2: We postulate that the entropy of the elec-
tron, the entropy of dark matter halos and the entropy
of the Universe (and possibly other objects) is also given
byll

M
S~ kBia
ma

(C24)

where M is the mass of the corresponding object and mp
is the mass defined by Eq. (C9). Therefore,

Me Eerg

Se/kp ~ - i~ 1037 (electron)  (C25)
M, %
S/kp ~ nTZ nizh (dark matter)  (C26)
My SAR2
Sa/kp ~ m—i ~ %AA ~ 10" (Universe) (C27)

The comparison of Egs. (C20) and (C24) directly im-
plies that the surface density of the electron, the surface
density of all the dark matter halos, and the surface den-
sity of the Universe is (approximately) the same and has
the typical value

M macd ma v/

EN*N*N ~N —
R ahn  Mp P g

(C28)

11 Note that this relation is not satisfied by black holes since Mpy o
R while Sy o R2.



where ©p = (¢"/hG3)Y/? = 833 x 104 gm~2 is the
Planck surface density. Then, comparing this universal
value with the surface density of the electron [see Eq.
(29)], we obtain the Weinberg relation

mSGQC6

A_V\/
e8

(C29)

Remark: we have introduced the entropy of an elec-
tron [see Egs. (C21) and (C25)] by analogy with the
black hole entropy. If these ideas are physically rele-
vant, a notion of thermodynamics for the electron (as-
suming that it is made of 103 subparticles of mass
myp) should be developed. Again, the analogy with
black holes (although, of course, an electron is not a
black hole) might be useful. In particular, from the
entropy S. ~ kpme/my, we may define the temper-
ature of the electron by 1/T, = dS./d(mec*) and get
kgT. ~ mac® ~ hW/A ~ kgTx. In this sense, the tem-
perature of the electron turns out to coincide with the
temperature of the Universe. The same argument ap-
plies to dark matter halos (with S ~ kgM;/my and
1/T = dS/d(Myc?)) leading again to T' ~ Ty. Interest-
ingly, similar relations are obtained in Appendix E from
different arguments.

Appendix D: Large numbers and coincidences

The ratio between the electric radius of the electron
re = €%/m.c* and its gravitational radius r, = 2Gm,/c?
is of the order of e?/Gm? = 4.17 x 10*2. This dimen-
sionless number was computed by Weyl in 1919 [6, 40].
He was the first to notice the presence of large dimen-
sionless numbers in Nature. This led Eddington [32] and
others to try to relate such large numbers to cosmological
quantities. In particular, Eddington evaluated the total
number of particles in the Universe and found N, ~ 107.
He then tried to relate the basic interaction strenghts and
elementary particle masses to this number. For example,
it was observed by different authors that the following
quantities are of the same order of magnitude (see Ref.
[6], P. 224-231):

Mec? €2 Mp 2
T~ G ™ VN, ~ (m ) ~ 10%0. (D1)

€

These coincidences can be easily understood from our
results (39) and (40) which express the mass and the
charge of the electron in terms of the cosmological con-
stant. For convenience, we shall replace the Eddington

11

number by!?

N, = My 2165)  qq80,

D2
o (D)
Combining our results, we find
mec?  m 1
e ~ e /(3B) ~ 1040 D3
hHy  ma € : (D3)
i ~ el/BB) 1040 (D4)
Gm? ’
MP ~ 61/(6B) ~ 10207 (D5)

Me

leading to the relations from Eq. (D1). We also note

that
2 4
o (hc) ~ (MP> ~10% ~ N,,
mi: \ G Me
which is one of the “coincidences” pointed out by Chan-
drasekhar [41].

In a sense, these results arise from the Weinberg rela-
tion (B3) that has been found by different authors (see
footnote 7). Nevertheless we believe that our approach
is original and may bring new light on the subject. In
particular, we have proposed a form of common explana-
tion of these different “coincidences” in terms of entropic
principles (see Appendix C4).

(D6)

Appendix E: Thermodynamics of the logotropic
dark fluid

Let us try to relate the results of the previous Appen-
dices to the thermodynamics of the logotropic dark fluid.

We assume that the Universe is filled with a dark fluid
at temperature T. From the first principle of thermo-
dynamics, one can derive the thermodynamic equation
[11]):

dP 1

= le+P). (E1)

If the dark fluid is described by a barotropic equation of
state of the form P = P(¢), Eq. (E1) can be integrated

12 The Eddington number corresponds typically to the number of
protons in the Universe, N ~ Mp/myp, where m,, is the proton
mass (in Eq. (D2) we have replaced my, by me since we have not
introduced the proton mass previously). Note that the Edding-
ton number was introduced before dark matter and dark energy
were discovered. If the dark fluid is made of cosmons of mass m,
the number of particles in the Universe is NA = My /ma ~ 10123
giving another interpretation to the famous number 123 (see Ap-
pendix A). This number N, should supersede the Eddington
number Nj.



to obtain the relation 7' = T'(¢) between the temperature
and the energy density. On the other hand, the entropy
of the dark fluid in a volume a? is given by [11]

a3

=7

(P +e). (E2)
From the Friedmann equations, one can show that the
entropy of the Universe is conserved: dS/dt = 0 [11].

The previous results are general. Let us now apply
them to the logotropic dark fluid. According to Eqs. (5)
and (6), the equation of state P = P(¢) of the logotropic
dark fluid is given by the inverse of [2, 3]

e=ppel/Ac? — P — A (E3)

Eq. (E1) with Eq. (E3) can be easily integrated to give

2
ppc A
T = 1-—
K ( pcz)’

where K is a constant of integration and we have used
Eq. (5). Substituting Egs. (E3) and (E4) into Eq. (E2),
and using Eqgs. (3) and (5), we find that

(E4)

5= kgP

= (E5)

We explicitly check on this expression that the entropy
of the Universe is conserved. Furthermore, since the en-
tropy is positive, we must have K > 0. Considering
Eq. (E4), we note that the temperature is positive when
p > py = A/c? and negative when p < pyr = A/c?, that
is to say when the Universe becomes phantom [1, 2].13

We can determine the constant K by assuming that
the entropy of the logotropic dark fluid is given by

M
S~ kp—2 ~ 102 kg (E6)
ma

as in Appendix C. Noting that the “true” entropy is
obtained by multiplying Eq. (E2) by R} (since we have
taken ag = 1 at the present time), and comparing Eqgs.
(E5) and (E6), we obtain

K~ kPP

(E7)
ma

As a result, the temperature of the logotropic dark fluid
is given by

B
kpT ~ mac? <1 - pA) , (ES)

p

13 This is a general result [42] which can be obtained from Eq. (E2)
using the fact that the entropy is constant and positive. We see
on Eq. (E2) that the sign of the temperature coincides with
the sign of P + e. As a result, the temperature is positive in a
normal Universe (P > —¢) and negative in a phantom Universe
(P < —e).
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where we have used Eq. (12). In the “early” Universe
p > pa we find that!'4

T ~mpc?/kp = 2.41 x 1072 K. (E9)
In the late Universe p < pa we find that
kT ~ —mpc*Bpa/p x —a?. (E10)

Remark: In Ref. [3] we have shown that the logotropic
constant B could be interpreted as a dimensionless lo-
gotropic temperature

kT
B - FBlL

Ell
R~ (E11)

in a generalized thermodynamical framework [1, 2]. This
shows that at least two temperatures exist for the lo-
gotropic dark fluid, a time-varying temperature T' and a
constant temperature 71,. They become equal when

Px B

N S~ 354 x 1078 E12
on1-B 3.54 x 1077, (E12)
corresponding to
Quol- B\
.~ A ~ 5.01. E13
¢ <Qde,0 B ) (E13)

Appendix F: The mass of the bosonic dark matter
particle

It has been suggested that dark matter may be made
of bosons (like ultralight axions) in the form of Bose-
Einstein condensates (BECs).!®> We can use the results
of the present paper to predict the mass m of the bosonic
dark matter particle in terms of the cosmological con-
stant A. We assume that the smallest and most com-
pact dark matter halo that is observed corresponds to
the ground state of a self-gravitating BEC (to fix the
ideas we assume that this halo is the dSphs Fornax with
a mass M ~ 108 Mg, and a radius R ~ 1kpc). For non-
interacting bosons, it can be shown by solving the Gross-
Pitaevskii-Poisson equations (see, e.g., Sec. IIL.B.1 of

14 We recall that the logotropic model, which is a unification of
dark matter and dark energy, is not valid in the very early Uni-
verse corresponding to the big bang, the inflation era, and the
radiation era. Therefore, the temperature mac? corresponds to
the temperature of the dark fluid in the matter era, i.e., when the
rest-mass energy of the dark fluid overcomes its internal energy
(see Sec. II). We emphasize that the temperature T of the lo-
gotropic dark fluid is different from the temperature of radiation
and of any other standard temperature. We also note that the
corresponding temperature in the ACDM model is not defined
since Eq. (E1) breaks down when P = 0.

See, e.g., the bibliography of Refs. [43, 44] for an exhaustive list
of references. The possible connections between the BECDM
model and the logotropic model will be investigated in a future
paper [45].
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[46]) that the mass (Mp,)min, the radius (rp)min and the
central density (pg)max of this ultracompact halo (ground
state) are related to each other by the relations

h2
My, =191pyrs  and  Myr, = 1.85 G (F1)
As a result, its surface density is given by
G2 4M3
So = 0.153 = 2h (F2)

h4

On the other hand, the minimum mass of dark matter
halos may be obtained from a quantum Jeans instability
theory (see, e.g., Ref. [44]) giving the result

3/4

1 Trgth(ll{jo
Mjy=- _— . F
J 67T< Gm? (F3)

For usually considered values of the boson mass, of the
order of m ~ 10722 eV /c?, the Jeans mass M; ~ 107 M,
from Eq. (F3) is indeed of the order of magnitude of
the minimum mass (M}, )min ~ 10% M, of observed dark
matter halos. There may be, however, a numerical factor
of order 10 between M; and (M}, )min. For that reason,
we write (Mp)min = XMy with x ~ 10. Using Eq. (F3)
with pam,0 = (Qdm,0/Qde,0)PA = (Qdm,0/Qde,0)(A/87G),
we get

(Mh)min

3/Q 1/4 p3/2p1/4
7T < dm,O) (F4)

~ X%\ 8Qae0 Gm3/2

Substituting this expression into Eq. (F2), we obtain

9 <Qdm,o >3/ 4 pl/2ps/4 (F5)

T
Yo =0.153 x* -— .

0 X916 \ 8Que.0 Gml/?
Comparing this expression with Eq. (23), we predict that
the mass of the bosonic particle is given by

WA
2
(F6)
We see that the mass of the bosonic dark matter particle
is equal to the mass scale mp ~ 10733 eV /c? given by
Eq. (C9) multiplied by a huge numerical factor of order
10 (for x ~ 10). This gives m ~ 10~2 eV /c? which is
the correct order of magnitude of the mass of ultralight
axions usually advocated [47]. We note that this result
has been obtained independently from the observations,
except for the value of A and the other fundamental con-
stants (Planck scales).

153975

6002347/ Qa0 \ P VA _
1458Bf}2l 8Qde’() C2

Appendix G: The proton mass

The maximum mass of neutron stars due to general
relativity has been obtained by Oppenheimer and Volkoff
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[48] using the equation of state of an ideal Fermi gas at
T =0. It is given by

o\ hc 3/2 1
M) =0.384 (G) m—% =0.710 Mg, (G1)
where m,, = 1.675 x 10724 g is the neutron mass. It

is not well-known'® that, at the same period, Zwicky
[50, 51] also attempted to determine the maximum mass
of neutron stars interpreted as Schwarzschild’s mass. He
used heuristic arguments and obtained an expression of
the form

2 3/2

Zwick

Mma)lcc V= k’mn (Gmpme> = kMQ, (Gz)
where m, = 1.673 x 10724 g is the proton mass and k
is a dimensionless number assumed to be of order unity.

Matching these two expressions (G1) and (G2), we get
k=17.80x 1073 and

(G3)

Interestingly, this equation provides a relation between
the fine-structure constant o and the ratio m./m, be-
tween the electron mass and the proton mass (we have
used m, =~ m,). This type of relationships has been
proposed in the past by several authors [29] using heuris-
tic arguments or pure numerology. Since we have related
the electron mass and the electron charge (hence the fine-
structure constant) to the cosmological constant (see Sec.
IV C), using Eq. (G3) we can also relate the proton mass
to the cosmological constant. Using Egs. (37), (38) and
(G3), we find that the mass of the proton is determined
by the cosmological constant A according to

134 (AR\YC AR\
mp*l,1/6 G2¢2 = 139 G2c2

1.67 x 107 g.

(G4)

Alternatively, using Egs. (39), (40) and (G3), the nor-
malized mass of the proton is determined by the lo-
gotropic constant B according to

m 8 1/6
o _q34 (2 ~1/(6B)
Mp 1% ¢

=23.7¢ V6B = 768 x 10720, (G5)
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