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Speeding up the Universe using dust with pressure
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We revise the cosmological standard model presuming that matter, i.e., baryons and cold dark matter,
exhibits a nonvanishing pressure mimicking the cosmological constant effects. In particular, we propose a
scalar field Lagrangian £; for matter with the introduction of a Lagrange multiplier as constraint. We also
add a symmetry breaking effective potential accounting for the classical cosmological constant problem, by
adding a second Lagrangian £,. Investigating the Noether current due to the shift symmetry on the scalar
field, ¢ — ¢ + c°, we show that £, turns out to be independent from the scalar field ¢. Further we find that
a positive Helmotz free-energy naturally leads to a negative pressure without introducing by hand any dark
energy term. To face out the fine-tuning problem, we investigate two phases: before and after transition due
to the symmetry breaking. We propose that during transition dark matter cancels out the quantum field
vacuum energy effects. This process leads to a negative and constant pressure whose magnitude is
determined by baryons only. The numerical bounds over the pressure and matter densities are in agreement
with current observations, alleviating the coincidence problem. Finally assuming a thermal equilibrium
between the bath and our effective fluid, we estimate the mass of the dark matter candidate. Our numerical
outcomes seem to be compatible with recent predictions on WIMP masses, for fixed spin and temperature.

In particular, we predict possible candidates whose masses span in the range 0.5-1.7 TeV.
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I. INTRODUCTION

The A cold dark matter (ACDM) concordance paradigm
is described by the fewest number of assumptions possible.
In particular, the Universe is approximated at late times by
two fluids: pressureless matter and a cosmological constant
A. Both baryonic matter (BM) and cold dark matter (DM)
are unable to push the Universe to accelerate [1]. Thus,
besides dustlike fluids, one needs to include A to account
for the observed speed up. The simplicity of the concord-
ance paradigm turns out to be the strong suit to admit its
validity. However, the magnitude of A predicted by
quantum fluctuations of flat space-times leads to a severe
fine-tuning problem with the observed value of A. Even
considering a curved space-time one cannot remove the
problem [2]. Further, both matter and A magnitudes are
extremely close today, leading to the well-known coinci-
dence problem [3-5]. Under these aspects the ACDM
model seems to be incomplete, whereas from a genuine
observational point of view it well adapts to data.

In this work, we revise the cosmological standard model
assuming an effective a scalar field ¢ Lagrangian for
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baryons and cold DM. We require that matter provides a
nonvanishing pressure term and we wonder whether it can
accelerate the Universe alone, i.e., without the need of A.
To do so, we propose the most general Lagrangian,
depending upon a kinetic term and Lagrange multiplier,
with the inclusion of a potential term due to the vacuum
energy cosmological constant, inducing a phase transition.
During such an early-time phase transition the DM pressure
counterbalances the A pressure. So, the final pressure of
the Universe becomes the pressure of baryons only.1 In
particular, the baryonic pressure turns out to be negative to
guarantee a positive Helmotz free-energy for the whole
system. In this picture, we find a Noether current, coincid-
ing with the entropy density current and providing the
Lagrangian to be independent from ¢. We thus write up the
thermodynamics associated to the model and we investigate
small perturbations, finding the adiabatic and nonadiabatic
sound speeds naturally vanish in analogy to the ACDM
approach.

Our paradigm candidates as an alternative to the con-
cordance model and predicts the existence of a single fluid,
composed of baryons and cold DM with pressure. The fluid
cancels out the quantum contribution due to A, driving

'At the end of transition.
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the Universe today with a constant and negative pressure.
This process does not set A to zero, but removes it naturally.
This is possible if DM constituents lie on the mass interval
~0.5-1.7 TeV. To show this, we relate the predictions of
our model to the thermal history of the primordial universe
and to the expected DM relic abundance.

The paper is structured as follows. In Sec. II, we propose
the effective representation for matter with pressure. We
thus write the equations of motion and we discuss the
introduction of the potential term due to the vacuum energy
cosmological constant. In Sec. III, we describe the thermo-
dynamics of our matter fluid, which naturally suggests an
emergent negative pressure, and demonstrate that our
Lagrangian does not depend upon ¢. In Sec. IV we
investigate the small perturbations and we find that both
the adiabatic and nonadiabatic sound speeds naturally
vanish, leading to a constant pressure, in analogy to the
ACDM approach. In Sec. V we closely analyze the role of
the effective potential V. This term induces a first order
transition phase during which the quantum field vacuum
energy density mutually cancels with the DM pressure.
Soon after the transition the emergent A is given by the
(negative) pressure of baryons. We show how our mecha-
nism overcomes the fine-tuning and the coincidence issues
affecting the ACDM model. In Sec. VI we relate the
predictions of our paradigm to observable quantities. We
thus obtain that, almost independently from the spin, the
DM mass ranges within the interval: 0.5 <Mc?/TeV <1.7.
In Sec. VII we summarize the main predictions of our
model and then in Sec. VIII we propose conclusions and
perspectives of our work.

II. THE EFFECTIVE REPRESENTATION
OF MATTER WITH PRESSURE

We discussed in Sec. I that our model pushes up the
Universe to accelerate by means of matter with pressure. In
particular, we want to demonstrate that the DM pressure
may counterbalance the effects of A, if a transition phase is
involved in our picture. To show that, let us start from a few
number of hypotheses that we will use later on, summa-
rized below:

(i) there exists only one fluid, composed of BM

and DM;

(i) matter is coupled to A and the coupling effect
cancels the cosmological constant density which
does not enter the dynamical equations;

(iii) the process which cancels the effects of A is due to a
first order phase transition;

(iv) the whole kinetic energy of matter is constrained
through a Lagrange multiplier;

(v) the thermodynamics of matter naturally suggests an
emergent negative pressure;

(vi) the model mimes the ACDM effects, without de-
parting from observations at both late and early
stages of universe’s evolution.

This suggests an effective representation of dust with
pressure in a curved space-time given by Lagrangian
density £ = Ly + £,, where

Ly =K(X,p)+Y[X,v(p)], (2.1)

L, =-VI(X. ), (2.2)
depend upon the scalar field ¢ and its first covariant
derivatives” in the form of the standard kinetic term

1
X =247V, 23)

where ¢g* is the metric tensor and v(¢) plays the role of the
specific inertial mass [6].

The Lagrangian £, represents a dust component with
pressure. It is written in the most generic form without
indicating a priori the functional forms of the functions Y
and K, while the Lagrange multiplier A4 constraints the
kinetic energy with the potential term in v. The physical
motivation behind £; supports the idea of BM and DM
with pressure [7—10]. It is important to stress that our fluid
consists of BM and DM, so that in principle the Lagrangian
L, can be written as

L, = Ky + Kpm + 4(Yem + Ypm)s (2.4)
Where K= KBM + KDM and Y= YDM + YDM'

The Lagrangian £, models the coupling with the
standard cosmological constant through an interacting
potential Ve used to investigate the phase transition.
We write down the simplest form of Ve by

Vip.w) =V, +%{ (@ —9p) + grﬂzwz, (2.5)
in which the first two terms describe the self-interacting
potential, with a dimensionless coupling constant y, of the
scalar field ¢, and the last one the interacting potential, with
a dimensionless coupling constant g, between ¢ and
another scalar field y. The quantity V, denotes the classical
offset, while @3 is the value of ¢ at the minimum of its
potential without interactions with y. We can thus assume
that y is in thermal equilibrium. In such a case, y? can be
replaced through its average in a thermal state. In a thermal
state there exists a correspondence between the thermal
average state and the temperature. Following [11], we
redefine the coupling constant § to account for the
proportionality between the thermal average and the
temperature, i.e., we have

*Higher order derivatives are excluded because of the
Ostrogradski’s theorem: systems characterized by a nondegen-
erate Lagrangian dependent on time derivatives of higher than the
first leads to a linearly unstable Hamiltonian function.
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(W?)p < T
After some manipulations, we simple have

. X x T2(X
Velt(X, g) =V, +Z((p2 - ¢})? +§(p(2)g02 T(2 ) :

(2.6)

where T, = @g+/y/g is the critical temperature, discrimi-
nating as transition starts. Before the transition when
T > T,, the minimum of VT is located at ¢ = 0 and the
corresponding value is V + ;(gog /4. After the transition,
when T < T, the minimum is at ¢ = ¢, with a value V.

From Eqs. (2.1)-(2.2) we define the action § =
J£,/=gd*x, where g is the determinant of ¢*.
Assuming a standard minimal coupling with gravity, from
the variation of the action with respect to 4, ¢ and the metric
tensor we obtain a constraint and a dynamical equation and
the energy-momentum tensor respectively (details of cal-
culations are reported in the Appendix)

Y =0, (2.7)
L, =V, (LxV%) =0 (2.8)
Top = LxVapVyp — (K - Veff)gaﬂ, (2.9)

where the subscripts label the partial derivatives, so that
Lx=Ky—-V{+2¥yand L, =K, - V' +Y,v,. For
timelike derivatives it holds X > 0 and, from Eq. (2.3), we
can introduce an effective 4-velocity

V.

Vo = , 2.10
e (2.10)

while the 4-acceleration identically vanishes
Clﬁ = Uﬁ = vayvﬁ = 0, (211)

where y = v*V,y is the Lie derivative of y along v*, which
is tangent to timelike geodesics. Using Eq. (2.10), the
energy-momentum tensor can be written as

Top = 2XLx 0,05 — (K = V) gy, (2.12)
which is of the perfect fluid form for an energy density and
a pressure, respectively

p(A, X, p) =2XLy — (K — Veil), (2.13)

P(X,p) = K — Ve, (2.14)
Thus, from the above definitions one wonders whether it is
possible to fulfill the weak energy conditions Taﬂk“kﬂ >0,
p>0, p+ P >0, where k* is a timelike vector field.

From the above conditions and the fact that X > 0, it
follows that

2XLy > K — VeIl Ly >0. (2.15)
The energy-momentum tensor conservation gives
V,T% = [p+0(p + P)]v* =0, (2.16)

leading to the energy conservation p+ 6(P+p) =0
where we defined the expansion

V.,V - X

0=V*=—-"—"72 ? £,
V2X

The energy flux T% vy = pv® always follows timelike

geodesics, as for the perfect fluid with no pressure. By
means of this position

(2.17)

rllﬂ = 2X(£Xxx(/, + EX(/)) + Exx(p — E(p’ (218)

the constraint in Eq. (2.8) can be written as follows:

: 1
J=— V2Xn + (P .
2XYX[ n, +0(P+p)]

(2.19)

Equations (2.7) and (2.19) represent the equations of
motion for a perfect fluid ruled by two first-order ordinary
differential equations for the scalar fields ¢ and A [12].

III. THERMODYNAMICS OF MATTER
WITH PRESSURE

Now we address the thermodynamics of the perfect
fluid described by the effective Lagrangian in Sec. L
Nondissipative fluids are described by virtue of the puli-
back formalism [13—15] through Carter’s covariant formu-
lation [16] in a relativistic effective field theory. In this
formulation, an observer is attached to a particular fluid
element by introducing a matter space such that its world-
line is identified with a unique point in this space. The
coordinates of each matter space serve as labels that
distinguish fluid element worldlines and remain unchanged
throughout the evolution. The matter space coordinates can
be considered as scalar fields on spacetime, with a unique
map relating them to the spacetime coordinates. Generally
fluids are framed with four scalar fields, namely ¢. In this
puzzle three scalar fields, corresponding to a =1, 2, 3,
become fluid comoving coordinates as they propagate in
space, whereas ¢° is interpreted as an internal time
coordinate [17-19]. These scalars can be viewed as
Stiickelberg fields® that allow us to restore broken diffeo-
morphisms in four-dimensional spacetimes [17,20-22]. So

3This name commonly designates a field that makes explicit a
(spontaneously broken) gauge symmetry.
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that, the fluid physical properties are encoded within a set
of symmetries of the scalar field action.

We here are interested in cosmological perfect fluids
describing the matter sector only. Such a framework may be
seen as in Sec. II. Moreover we only deal with the temporal
Stiickelberg field [17,18,23], hereafter renamed ¢. In other
words, providing the cosmological principle, it is licit to
take into account that our model is well motivated if one
fluid is accounted, say ¢° = ¢. Without considering the
spatial fields implies that the corresponding Lagrangian
respects the global shift symmetry

@ — o+, (3.1)
with ¢ an arbitrary constant [17,18].

The scenario defined in Sec. II turns out to describe a
barotropic matter fluid, i.e., its pressure is completely
defined by knowing its energy density and vice versa,
see Egs. (2.13) and (2.14). To provide its thermodynamic
interpretation, we choose the particle number density n and
the temperature 7" of the fluid as thermodynamic variables
to find correspondence with the field X [17,18].

To account for perfect fluid thermodynamics we use the
first principle, the Gibbs-Duhem relation and the Helmotz
free-energy density f = p — T's, respectively,

dp = Tds + pdn, (3.2)
dP = sdT + ndy, (3.3)
df = pdn — sdT, (3.4)

where s is the entropy density and u the chemical potential.
Combining Egs. (3.2)—(3.3) and (2.13)—(2.14) with the
definitions of f we get

d(un) = d(2XLyx) — d(Ts), (3.5)

df = d(2XLy) — d(K — V) —d(Ts).  (3.6)

Keeping in mind that in view of Eq. (2.7) d(K — V) =dL,
the above two relations admit as solutions:

f=-L, (3.7)
s = V2XLy, (3.8)
T = V2X, (3.9)
p=0. (3.10)

Equation (3.7) fulfills the thermodynamic relations:

V)

7|, = —V2XLyV = —sV, (3.11)
a(fv) _ _yeffy
v |, = L=—K-VH=—-P (3.12)

From Eq. (3.10) it follows that df = —sdT. The condition
X > 0 and Eq. (2.15) automatically define the sign of the
entropy density in Eq. (3.8), i.e., s > 0. Since for expanding
systems it has to be dV > 0 and dT < 0, necessarily we
have that df > 0. Thence, from Eq. (3.12) we deduce that
P turns out to be naturally negative:
df >0 P <0. (3.13)
Conversely, this is even in agreement with the naive fact
that for an expanding fluid the work is positive. Under our
convention of the first principle signs, one thus has
—PdV > 0 which implies P < 0. Equation (3.13) implies
that dustlike matter having pressure naturally fixes the sign
of P to be negative. This ensures no need of putting by hand
the sign of P inside Einstein’s equations to guarantee the
Universe speed up.
Now we define the densities of internal energy u,
enthalpy &, and Gibbs free-energy g respectively by

u=p=2XLy— (K- Ve, (3.14)
h=u+P=2XLy, (3.15)
g=f+P=0. (3.16)

Invoking the Noether’s theorem we notice the global
shift symmetry changes the matter Lagrangian density £;
mostly by a total divergence. We explicitly get

1
LX) = L, ( VoV, + c°>

2
oL oL
=L (X, +C0{_1_va71]
1(X.9) O I(Vap)
0L,
+ cova arv N\
(Vo)

= L1(X, ) + VoL xVap), (3.17)
where, in the second line of Eq. (3.17), the quantity in the
brackets identically vanishes in view of the Euler-Lagrange
equation. The conserved current J§ corresponds to the
total divergence of Eq. (3.17), i.e.,

T = V2X(Ky + AY ) 0" (3.18)
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At this point it behooves us to discuss how to deal with
Vit Its behavior during the phase transition is not trivial,
since it depends on both ¢ and its covariant derivatives via
the kinetic term X. This implies that in general, the potential
Vel is not invariant under global shift symmetry. On
the contrary, Ve is well defined in its minima. Before
transition (BT, with VT =V, + ygt/4 at ¢ =0) the
effective potential is a constant. After transition (AT, with
Vet — v at p = ¢,), the effective potential is a function of
X only, i.e., VT = Veif(X), which is invariant under global
shift symmetry. (For the above reasons, in the following we
limit our investigation to BT and AT, where V° is invariant
under shift symmetry.) Thus, we do not need to assess the
intermediate cases, i.e., during transition.. Therefore, dur-
ing the BT and the AT phases, the Noether’s theorem
implies that

Lo(X') = =V (X) = OV, (VifIV,),  (3.19)
where we can define another conserved current from the
total divergence of Eq. (3.19), i.e.,

T4 = —V2X Ve, (3.20)

Hence the total conserved current J“ is given by combin-
ing Egs. (3.17) and (3.19), i.e.,

TJ=TJ7+T5 = V2XLxv* = 5%, (3.21)

and coincides with the entropy density current s, = sv,,.

Equation (3.21) simplifies Eq. (2.8) into £, = 0, implying

that the Lagrangian does not depend upon ¢. We thus have

L(A,X,v) =K(X) - V(X)) + 1Y (X,v). (3.22)

By combining Egs. (3.2)—(3.3) we get the Euler relation

P+p="Ts+ un, (3.23)
and recast the energy—momentum tensor as
Taﬁ = (Tsa +/’4na)vﬁ + Pgaﬁ’ (324)

where n, = nv, is the particle number density current. The
projection of the energy-momentum tensor conservation
along v%, i.e., v*VPT,5 =0, leads to

TV%s, + uVen, =0, (3.25)
and by virtue of the existence of J¢, it reduces to

uVen, =0, (3.26)

which represents an identity, since u = 0. However, one
can also safely assume that the particle number density
current is also conserved, i.e., V*n, = 0.

The conservation of the energy-momentum tensor can be
recast as the Carter-Lichnerowicz equations [18]

Wyt = nTV,0 —¢,Vn,, (3.27)

where W, = V,¢, — V¢, is the vorticity tensor [24],
¢” = h/nv* the current of the enthalpy per particle, and
o = s/n the entropy per particle.

Since the 4-velocity is the derivative of the scalar field ¢
and V%n, = 0, we infer from Eq. (3.27) that

W, = 0 = the fluid is irrotational, ~ (3.28)

V,0 = 0 = the fluid is isentropic, (3.29)

respectively from the first and second conditions [18].

IV. COSMOLOGICAL PERTURBATIONS
AND THE ROLE OF SOUND SPEED

In the previous sections we demonstrated that our matter
fluid is irrotational and insentropic. We now discuss the
cosmological perturbations taking into account our
Lagrangian, as in Eq. (3.22). We thus unveil additional
features characterizing our matter fluid concerning the
magnitudes of the pressure P and the sound speed.

In the conformal Newtonian gauge, in absence of any
anisotropic stress, we consider [25,26]

ds* = a(7)?[(1 +2®)d7* — (1 = 2®)dx?], (4.1)
where @ is the Newtonian potential, 7 = a(f)t the con-
formal time and a(7) the scale factor. The first order (0,0),
(0,7) and (i, j) components of Einstein’s equations in the
Friedmann-Robertson-Walker model are respectively,

V2@ — 3H(P' + HP) = 4na*Gdp, (4.2)
V(@' + HD) = 42a*G(P + p)dv;, (4.3)
@ + 3HD' + 2H' + H?)® = 47a>GS5P, (4.4)

where the prime denotes the derivatives with respect to
the conformal time and H = a’/a. The perturbation of the
3-velocity sv; = V,;6¢/(a¢’) depends upon the perturba-
tion of the scalar field 5¢ which depends also on the spatial
coordinates [27]. The density perturbations depend on the
kinetic term and on the Lagrange multiplier perturbations,
respectively 60X and 64, whereas the pressure perturbations
depend only upon 6X, so that

5p = A(X)SX + 2XAY 00 + 2XY 04, (4.5)
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5P = B(X)5X. (4.6)
To infer the explicit expressions of A(X) and B(X), we
discriminate between two regimes [28]:
(i) BT, when the minimum is at ¢ = 0 and the potential
is Vel =V + y3 /4;
(ii) AT, when the minimum is at ¢ = ¢, and the
potential is VeIt = V.
Hence, the pressure and density become

K—-Vy—ypt/4 (BT

K-V, (AT)

2XLy — K+ 'V, 4/4 (BT

2XLy —K+V, (AT)
From the above definitions it follows that

Combining Egs. (4.2) and (4.4) we get

Q"+ 3H(1 + )@ + 2H + (1 4+ 3ck)H? @ — V@

= 47a*G[D(X)dv + E(X)54], (4.11)
in which
& = B(X)/A(X), (4.12)
D(X) = —2XAYy,c%, (4.13)
E(X) = -2XYxc%. (4.14)

The evolution of @ in terms of p and ¢ perturbations can be
written as [25]

" +3H(1 + 2@ + 2H' + (1 +3c2YH?|® — 2 V> D
= 47a>G¢bo, (4.15)

where

c2=0P/dp|, (4.16)
is the square of the adiabatic speed of sound and
{=0P/0o|,. From the above considerations, one can
define the entropy perturbation shift, A, which quantifies
how much 6P/8p departs from ¢? [27]. It can be written as

A (5_1) _ c2> bp _ _D(X)ov + E(X)sL @1

6op )P P

For isentropic fluids (see Sec. III), it immediately follows
that { = 0. This is in agreement with our previous out-
comes, since from Eq. (4.11) we require Yy # O,4 and so
c2 =0 as one assumes P = const and vice versa [29-32].
Taking into account that P = const, we may draw
relevant consequences on our fluid temperature. Indeed,
according to Eq. (3.16) we find our fluid to lie on the
minimum of the Gibbs energy, i.e., at an equilibrium state.
By combining Eqgs. (3.3), (3.4), and (3.10) we get
dg=dP — sdT = 0. (4.18)
Since P = const, one necessarily has 7 = const in the
proximity of each minimum of the effective potential.
Last but not least, it is worth noticing that an isentropic
fluid can be even attained from Eq. (4.11) by setting 4 — 0.
However, this would represent a particular case for which
the Lagrangian term Y has no longer relevance. For the sake
of generality, this case is thus excluded into our picture.

V. CONSIDERATIONS ON QUANTUM
VACUUM ENERGY

We now analyze in more details the role played by the
effective potential V. In particular, we wonder whether
the two possible choices of the offset V|, provide different
physical considerations. Hence, to alleviate the degeneracy
between the two approaches, we need to fix the magnitude
associated to K. Our target is to bound K in order to heal the
fine-tuning issue associated to the cosmological constant A.

We thus explore two possibilities:

(1) Vo= —yp3/4, so BT we have V°if =0 and hence

. (K (BT) ‘.

1‘{K+w3/4 (AT)’ 1)
(2Xa¥x—K (BT)

pr= { 2XAYy — K — yt/4  (AT)’ (5:2)

and by virtue of Eq. (3.13), then K < —y¢(/4.
(2) Vo =0, so AT we have V" = 0 and hence

[ K—x#i/4 (BT)

P, = {K AT) (5.3)
[ 2XAYx = K + xp5/4  (BT)

P2 = {ZXAYX K ary O

and again, by virtue of Eq. (3.13), then, K < 0.
In both cases K < 0, but with different magnitudes.

*That is requested to guarantee the validity of Eq. (2.19).
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A. The case Vo= —yqpi/4
Since X, = 0 and P = const, from Eq. (2.18) we get that
Ny = 0, and, therefore, Eq. (2.19) reduces to
A= —04. (5.5)
In the Friedmann-Robertson-Walker spacetime, ¢ is a
function of the time only, thus it is easy to demonstrate
that X = ¢?/2 and 0 =3d/a. Finally, the solution of
Eq. (5.5) becomes
A= lga=3, (5.6)
where 4y is a constant. Further, in the Friedmann-
Robertson-Walker scenario the simplest choice for the
(adiabatic) volume may be V = V,a®, where V), the initial
volume. Recalling that our fluid is isentropic, with constant
P and T, by using Egs. (3.8) and (5.6), we get
sV = V2X1VyYx = const, (5.7)
from which it follows that Yy = Ypy x + Ypy.x = const.
We propose the following assumptions:

Kpm & —x/4, (5.8)

Kpm < Kpyr. (5.9)

These positions and the fact that @ = (1 + z)~! (where z is
the redshift) allow us to rewrite Egs. (5.1)—(5.2) as

N Kpu (BT)
he { Ksv (AT)’ (5.10)
~ (pDM +pBM)(1 —+ 2)3 — KDM (BT)
pIN{(PDM +pBM)(1 +Z)3_KBM (AT)’ (5.11)

where PBM = 2X/10YBM,X and PDM — 2Xﬂ,0 YDM,X are
constants.

This mechanism elides the vacuum energy cosmological
constant contribution through the use of DM. As y > 0,
the sign of Kpy; is opposite to the vacuum energy term.
Hence, on the one hand the DM fluid pushes the Universe
up to accelerate, while on the other hand vacuum energy
provides the opposite contribution in the net pressure.

Then, AT the Universe accelerates because of the
presence of a negative baryonic pressure. This plays the
role of emergent cosmological constant, which is negligible
with respect to the vacuum energy BT, whereas becomes
dominant AT. Since its magnitude is due to the baryon
pressure, this alleviates the coincidence problem. In addi-
tion the fine-tuning problem is clearly removed because the
high value of the predicted vacuum energy density is
suppressed and does not enter our framework AT.

250 —

200}

150}

-
(=]
o

H(z) [km/s/Mpc]

50}

redshift z

FIG. 1. H(z) data set from [33] (black data) compared with the
results of our model described by Eq. (5.11) (solid blue curve).
The 1-0 error limits (dashed blue curves) have been obtained by
using the best-fit parameters from [34].

In Fig. 1 we compare the observational Hubble param-
eter data (OHD) H(z) (see the black data points) with the
predictions of our model in Eq. (5.11). The OHD are
model-independent measurements of the evolution of the
Hubble parameter with redshift from differential age of two
galaxies at the same redshift. The most updated OHD
values have been taken from [33]. From Eq. (5.11), we have
AT the Hubble parameter can be written as

2XAY K
H(z) = HO\/#U +2P3+ =M (512)

Pco Pco

where we can identify the BM 4 DM density parameter with
Q. =2X1yYy/p.o and the dark energy density parameter
with Q, = —Kpgy/p.o. Our predictions can be constrained
with the most recent results on the Hubble constant Hy =
(67.74 £0.46) km s~! Mpc~!, the density parameters
Q. = 0.3089 +0.0062 and €, = 0.6911 £ 0.0062, and
current value of the Universe critical density p. o = (8.62 £
0.12) x 1073* g/cm? obtained by Planck [34]. These con-
straints result in the solid blue curve and the 1-¢ error limits
(the dashed blue curves) shown in Fig. 1.

B. The case V(=0

Equations (5.5)—(5.7) still hold and retain the same form.
However, in this case the only needed assumption to get the
measured cosmological constant is that K < y¢3/4.
Therefore we obtain

_ [ —xw3/4 (BT)
Py~ {K AT (5.13)
_ { (pom + pem) (1 +2)° + xw5/4  (BT) (5.14)
7 Vom0 +2P -k (A1)

where the BM can be considered even pressureless.
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In this case the vacuum energy density cancels without
the effect of any matter component. This occurrence is due
to the discontinuity of the effective potential introduced by
the phase transition only. The emergent cosmological
constant appears soon after the transition as related to
the DM sector of the Universe and holds the ad hoc value
to justify the observed acceleration of the Universe.
Therefore, this case still suffers from the coincidence
problem, which affects the ACDM model. Moreover,
differently from the previous case and in analogy with
the concordance model, the baryons do not play a signifi-
cant role in speeding up the Universe. Indeed, they can be
viewed as pressureless particles.

VI. TEMPERATURE AND MASS
OF THE DM CANDIDATE

As discussed above, the Vi, = —y¢3/4 case is preferred
over V, =0, to avoid discontinuities in the pressure
contribution. In so doing, one may break the degeneracy
between the two approaches, choosing the case V=
—x@3/4 which corresponds to a dark fluid defined by
matter with pressure. Thus, limiting on Vy = —y¢3/4 we
draw in the thermal universe the bounds over the DM
constituent as particle candidate for DM enabling the
process for that the DM pressure elides the vacuum energy
contribution.

The energy and number densities, together with the
pressure of each particles having mass m, momentum p and
equilibrium temperature 7, can be computed as [35]

(ke T)" /°° EVELA 6.1)
0

“hend )y Ea

(kgT)? [e &

n= dé, 6.2
g27t2h3c3 0 eVEHA 1 ¢ (6.2)
Ny S R
= g s .
202033 Jy 3 E 4 A% pVEHA 1

where ¢ = pc/(kgT), A = mc?/(kgT), g = 2s + 1 is the
spin s degeneracy parameter, ¢ the speed of light, 7 the
reduced Planck constant and kp the Boltzmann constant.
Here the choice “+” distinguishes fermions and bosons,
respectively. The entropy density is simply given by

. gk‘éT3 0 4£2 4 3A? Edé (64)
63 Jy [E2 + A% pVEA L

We focus on bosons since £; has been written for bosons
only. The DM constituents are in our picture bosons that at

For the sake of clearness, we hereafter restore the usual
physical constants, previously set to 1.

early times behave as relativistic particles (mc? < kgT), in
thermal equilibrium. The energy density of all bosons (b)
and fermions (f) species comes by summing up Eq. (6.1)
for each of them, i.e.,

7[2 (kBTp)4

30(hc)® (6:5)

€BT = J«

where ¢, is the sum of the standard term ¢5' =
> b9 +§ 297 7 106.75 [35] and our DM particle term
gpm = 25pm + 1 with spin spy;. Independently from the
offset on V, the BT total energy density in Egs. (5.10)-
(5.14) is given by

T,\* T,\3
€BT = |:Qr< p> + Qm (_P) + QA:| €. + €y, (66)

T, T,

where Q. = (9.16 £ 0.19) x 1073 is the radiation density
parameter [34], and €, = p.c?, where p, = 3H?/(8%G) is
the universe critical density, in which H is the Hubble
parameter and G the gravitational constant. As already
stated in Sec. V, the current value of the Universe
critical density is p.o = (8.62 £0.12) x 1073° g/cm?
[34]. With respect to Egs. (5.10)—(5.14), we include the
radiation, which is not negligible at early times, and use
the relation T,,/T = (1 + z), in which T, is the cosmic
plasma temperature and T, =2.725 K the current
cosmic microwave background temperature.’ Finally,
€, = 7.74 x 10% erg/cm? is the vacuum energy density.
By equating Egs. (6.6) and (6.5) and solving numerically,
we get the plasma temperature

T, = (6.6559 £0.0019) x 10"h(spm) K, (6.7)
where h(0) = 1, h(1) = 0.995, and h(2) = 0.991.

The primordial DM interactions can be viewed as the
annihilation of a heavier DM particle Q and its antiparticle
0, both with masses M, to produce two lighter particles g
and g. Assuming no initial asymmetry between the par-
ticles Q and Q, their comoving density must be the same,
i.e., ngp =np =n; on the other hand ¢ and g are tightly
coupled to the cosmic plasma. Therefore the Boltzmann
equation for the evolution of n writes as

d(a’n)

1 >
a  dt

= —<}(1J>(n2 - neq)’

(6.8)

where 7., is the equilibrium number density and (xv) the
thermally averaged cross section. From the entropy

®AT until today the Universe is in equilibrium. Therefore, as in
Eq. (5.7), the entropy conservation implies that s « a™> and
T « a™!, as follows from Eq. (6.4), whereas during the phase
transition the temperature has a constant value 7',
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conservation we write the number density as an adimen-
sional quantity N = nkg/s. Then, we note that the comov-
ing time ¢ is related to A by dA = HAdt. Before neutrino
decoupling, the entropy density degeneracy parameters is
gs = g, [35], therefore the total entropy density is given by
s = 2n%kyyg, T3/ [45(hc)?]. From the identity egyp = p.c?,

we obtain
a 4r3c3g,G (M2
H= (=)= /—Z=(=) .
a 45m3 A

From the above definitions, we can recast the Boltzmann
equation to obtain a Riccati-like equation

(6.9)

dN I
T _P(N2—N§q), (6.10)
where we defined the interaction rate
re |97 beo)M (6.11)
= xv)M. .
45Gh3

Figure 2 shows N(A) for I = 103, 108, 10'!, and 10'*. The
value of the DM relic abundance is given by

Ny ~ AT, (6.12)
where A; marks the transition from the relativistic regime to
the nonrelativistic one. For the above wide range of I', we
can safely assume that the nonrelativistic regime is attained
for A; = 10-30. We assume that at this stage the temper-
ature is approximately the above equilibrium temperature
T,. For this choice the DM particle mass stays approx-
imately in the range of values 0.5 < Mc?/TeV < 1.7, in
agreement with the most recent predictions over the
WIMPs [36-38]. The precise values depend upon on the
value of h, which is quite insensitive to spy, as summarized
in Table I.

0.01

:0)

1073

1078

N(A) / N(A

10—11

10~
0.1

A = Mc?/(kgT)

FIG. 2. Plot of N(A) for I = 10°, 108, 10'!, 10'4. The freeze-
out occurs at Ay = 11, 17, 25, 32, respectively.

TABLE I. The mass range of the DM boson particle candidate
depending on the spin particle. Columns list DM spin spy,, the
function A(spy), and the mass range of the DM particle.

SpM h(spm) M (TeV)

0 1.000 0.574-1.723
1 0.995 0.572-1.715
2 0.991 0.569-1.708

Using the above definitions, we now relate the freeze-out
abundance of DM relics to its density today, i.e.,
P00 = NesoM. The DM density parameter is

Q. —P0 _ l6g;, |G3n°n <kBT0>3 Ap
T peo 3H} \ 45g.c° \ hc ) (xv)’
where g;, = 3.91, and Ay = 10-30. Within the proposed
case Vg = —)(qog /4, by looking at Eq. (5.11) we can impose
Qo = Qqp,, = 0.2589 £ 0.0057 [34] in Eq. (6.13). This
position provides a range of values for the thermally averaged
cross section 0.81 < (x) /(10726 cm3s™1) < 2.42.7

(6.13)

VII. PREDICTIONS OF OUR PARADIGM

We here sum up the main results of our paradigm. We
revise the concordance model, assuming the most general
Lagrangian for matter with pressure. To do so, we consider
a transition phase induced by the effective potential of a
vacuum energy cosmological constant, with a mechanism
in which the DM pressure elides the vacuum energy
pressure itself. So that we obtain

P = const (always) = ¢PM = ¢BM =, (7.1)
P < 0 (from thermodynamics), (7.2)
T = const (during the transition), (7.3)
Ppy > Py, Ppum = €y, (7.4)
pa = Ppy (BT), (7.5)
pa = Py (AT), (7.6)
0.5 < Mc?/TeV < 1.7 (Cold Dark Matter), (7.7)
0.81 < (xv)/(10726 cm®s~!) < 2.42. (7.8)

"For completeness, one may also deal with the case Vj =0,
which corresponds to the ACDM case. By looking at Eq. (5.14), this
time we are forced to impose Qg = Qg + €2, in Eq. (6.13).
This position gives as range 2.20 < () /(10727 cm?s™!) < 6.61.
This case however, albeit degenerating with the previous one, is not
favored for the requests we made in the previous section.
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Hence, in our scheme there exists only omne perfect,
irrotational, and isentropic fluid, composed of BM and
DM. A is coupled with the matter. The thermodynamics of
such a fluid naturally suggests an emergent negative
pressure. The effective potential VT induces a transition
phase during which the quantum vacuum energy density
mutually cancels with the DM pressure. Soon after the
transition the emergent cosmological constant is given by
the (negative) pressure of baryons. This overcomes the fine-
tuning problem between the predicted and observed values
of A and the coincidence problem, due to the fact that it is
the matter which induces the effective cosmological con-
stant at late times and, therefore, it is natural that their
magnitudes are extremely close today. The model mimes
the ACDM effects, without departing from observations
made at both late and early stages of the Universe’s
evolution [34,39].

Our predictions over the DM constituents provide bosons
whose masses span within the interval: 0.5 <M <1.7TeV.
This result leaves open the possibility to detect in laboratory
additional heavier bosons, e.g., additional Z’ or W’ bosons or
Leptoquarks as potentially predicted by extensions of the
particle standard model.

VIII. FINAL OUTLOOKS AND PERSPECTIVES

In this work, we proposed an alternative model to the
standard ACDM paradigm. We assumed the existence of a
single fluid composed by matter only, i.e., baryons and cold
DM. The fluid pushes the Universe up, canceling the
quantum contribution due to the cosmological constant
through the assumption that matter shows a nonvanishing
pressure. In particular, we proposed that both DM and BM
are collisional, through a generalized scalar field ¢ repre-
sentation of the matter fluid Lagrangian £; depending upon
a kinetic term, X, and a Lagrange multiplier, .. We even
included a potential, V°, which models the coupling with
the standard cosmological constant and induces a phase
transition. We described the thermodynamics of our matter
fluid, showing that it is perfect, irrotational, and isentropic.
Moreover, we demonstrated that the positiveness of the
Helmotz energy naturally suggests a negative pressure. We
showed the existence of a Noether current due to the shift
symmetry, which coincided with the entropy density
current s%, making the Lagrangian independent from ¢.
Thus, we assumed a homogeneous and isotropic space-time
to investigate small perturbations and we found that the
adiabatic sound speed naturally vanishes, leading to a
constant pressure, but with an evolving energy density,
differently from the standard ACDM model. To this end,
we mostly analyzed the role of the effective potential, V°'T.
To do so, we managed the offset V, by analyzing two
possibilities: Vo = —y¢¢/4 and V = 0.

In the first case (V= —y¢j/4), the effective potential
induced a phase transition during which the quantum

vacuum energy density mutually cancels with the DM
pressure. This mechanism has consequences even as the
transition stops. Indeed, soon AT the emergent cosmologi-
cal constant, able to accelerate the Universe today, is given
by the (negative) pressure of BM. This achievement over-
comes both the fine-tuning and the coincidence problem.
The fine-tuning problem is overcome since the contribu-
tions due to the vacuum energy are canceled out through
DM. The coincidence problem is healed since it is the
matter which induces the effective cosmological constant
at late times. Thus, it is natural to presume that their
magnitudes are extremely close today.

In the second case (V; = 0), the DM does not play an
active role in erasing the quantum field vacuum energy
density and BM can be viewed as pressureless. Hence, this
landscape does not offer solutions for the fine-tuning and
the coincidence caveats. As a consequence it degenerates
with the previous case and can be identified with the
standard ACDM paradigm. The so-obtained dark fluid is
thus mimed by a matter fluid with pressure in which the
minimum favors the first case. Further, both cases man-
ifested constant pressure and constant Gibbs free-energy
during the universe evolution, with 7 = const during
transition as naturally expected for first order phase
transition.

In addition, we related the predictions of our model to
observations by directly comparing the energy density of
the cosmic plasma with the one described by our matter
fluid. The temperature at which the transition occurred is in
quite good agreement with early-time temperatures of hot
plasma. Afterwards, from the study of the DM relic
abundance for the preferred case with V, = —;((pé /4, we
posed stringent limits on the mass, 0.5 < Mc?/TeV < 1.7,
and the thermally averaged cross section, 0.81 <
(xv) /(10726 cm?®s7!) < 2.42, of the DM particle candi-
date. These estimates are quite independent from the spin of
DM patrticles.

In future works, we will study inflationary scenarios,
naturally arising from Eqs. (5.10)—(5.11), through our
hypothesis of matter with nonvanishing pressure. We
will better analyze also additional symmetries of our
Lagrangians and we will put more stringent constraints
on the DM particle, bounding the cross section from current
DM experiments.
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APPENDIX: DERIVATION OF THE
EQUATIONS IN SEC. 1I

From the variation of the action in Sec. II we get

58 = / {(K,ﬂ =V +AY,0,)50 + LxV V¢ + Y1

1
+ Egaﬂ(ﬁxva(pvago — K4 Vveff — ﬂY)ég“ﬂ} /—gd*x

_ / { (£, — Vol LxVog)]5g + Yol

1
+ Ega/;(ﬁxva(pvafp — K+ Vveff — lY)ég“ﬂ}\ /—qgd*x.

(A1)

The variations with respect to 4, ¢ and g, respectively,
lead to Eqgs. (2.7)—(2.9).
|

Equation (2.16), instead, is obtained through simple
calculations including the vanishing acceleration in
Eq. (2.11)

V, T% = pv# + V, Pv*v? + 6(p + P)1f — VPP

=[p+0(p+ P)*, (A2)
and the expansion € in Eq. (2.17) is obtained as
9— V.Vip X, VoV V.V -X, (A3)
V22X V22X 22X 2x

By using Egs. (2.7) and (2.18), we can recast Eq. (2.8) to
obtain Eq. (2.19)

K,= V& +2Y,0, -V (Ky = VS + 1Y)V — (Kx — VST + 2Yx)V, Ve
= E!/) - [KXXX(/] + KX(/) - Vgg(x(p - Vg(f(f) + /‘L(YXXX(/i + YXUV(ﬂ)]v(z(pva(p - [’Xvava(p - vu/IYXva(p
=L, —2X(LxxX, + Lx,) — (V2X0 + X,,)Lx — V2XAYx

0 )
=-n,———=((pP+P)—V2XAYx =0.
’7(/) \/Z_X(p ) X

(A4)
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