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Abstract Previous quantum field estimations of the QCD
vacuum in the expanding space-time lead to a dark energy
component scaling linearly with the Hubble parameter,
which gives the correct figure for the observed cosmological
term. Here we show that this behaviour also appears at the
classical level, as a result of the chiral symmetry breaking in a
low energy, effective σ -model. The dark sector is described in
a unified way by the σ condensate and its fluctuations, giving
rise to a decaying dark energy and a homogeneous creation
of non-relativistic dark particles. The creation rate and the
future asymptotic de Sitter horizon are both determined by
the σ mass scale.

The cosmological constant problem is often stated as a
large, non-observed contribution of the vacuum of quantum
fields to the dark energy component of the cosmic fluid.
Although very popular, this statement turns the problem ill
defined, because the quantum field calculations are usually
performed in the flat space-time, where nothing would really
gravitate. A more meaningful procedure is to obtain the vac-
uum contribution in the curved, FLRW space-time, with a
reliable renormalisation that absorbs the divergent flat result
in the constants of the theory [1–5]. This can be made, for
example, in the case of conformal fields, which naturally
leads to a vacuum density of the order of H4 (H is the Hub-
ble function), since no other scale is available. This result is
useful, in the high energy limit, to obtain non-singular cosmo-
logical solutions [6,7]. In the present universe, however, its
figure has the opposite problem of being too small as com-
pared to the observed cosmological term. More generally,
other even powers of H can result from these calculations,
owing to a theorem on the allowed counter terms in the effec-
tive action [8]. For instance, a free field of mass m may lead
to a contribution of order m2H2, which has the observed fig-
ure if m has the order of the Planck mass. However, with a
dark energy scaling with H2, the cosmic expansion would
not experience the observed transition from decelerating to
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accelerating phases. The remaining possibility is a constant
�, which value, however, is not fixed by the theory.

The theorem mentioned above has, as always, its premises.
Among them we can find the conditions that the fields are
free, and that the vacuum energy-momentum tensor is con-
served. The first does not apply, for example, if we estimate
the vacuum contribution of the low energy, strongly coupled
fields of QCD. Indeed, some studies have suggested that these
fields lead to a vacuum term scaling as m3

π H , where mπ is
the energy scale of the chiral phase transition [9–15]. Sur-
prisingly enough, this gives the observed order of magnitude
for �. The second premise, as well, cannot be always satis-
fied. A decaying � is only possible either if its equation of
state parameter ω �= −1, or if it interacts with dark matter.
As shown elsewhere [16–19], ω = −1 is a necessary con-
dition for � to be strictly homogeneous, which permits an
unambiguous definition of clustering dark matter. Therefore,
a vacuum term decaying with H is necessarily concomitant
with a homogeneous creation of dark particles. The freedom
in defining � such that ω = −1 is a manifestation of the
so called dark degeneracy [16,20–22]. As we will see, this
freedom allows a unified description of the dark sector in
terms of a non-adiabatic scalar field, which plays the role of
both dark energy and dark matter. In particular, we will show
that the σ scalar, that emerges from effective models of low
energy QCD, produces indeed a dark energy scaling linearly
with H .

In its simplest version, the σ potential is given by [23]

V = −μ2

2
σ 2 + λ

8
σ 4 + Ṽ , (1)

where μ, λ and Ṽ are positive constants. It presents a false
vacuum at σ = 0 and a true vacuum at σ = f , with f given
by λ f 2 = 2μ2. There is a priori no clear prescription for
the choice of vacuum in cosmological backgrounds. Never-
theless, as our universe is approaching a de Sitter space-time
with very small curvature, we assume that the flat space-time
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vacuum structure is not altered, except for the minimum of
the potential at the true vacuum state, as we will show below.
When the chiral symmetry is spontaneously broken, expand-
ing the potential (1) around the vacuum expectation value f
leads, up to second order, to

V (φ) = VdS + M2φ2

2
, (2)

where φ = σ − f are scalar fluctuations of the chiral con-
densate, with mass M = √

2μ, and

VdS = Ṽ − μ2 f 2

4
. (3)

We will see that, in an FLRW background, VdS is also deter-
mined by μ. The energy density and pressure of the scalar
field are

ρφ = φ̇2

2
+ V, (4)

pφ = φ̇2

2
− V, (5)

where a dot means derivative w.r.t. the cosmological time.
We can always decompose this perfect fluid into pressureless
matter and a � component [16,20–22], such that

ρm = φ̇2, (6)

� = − p� = V − φ̇2

2
. (7)

In the general case, these two components interact and, in
this way, the content above can be seen as a particular case
of a non-adiabatic dark sector [24–41]. This decomposition
assures that the � component does not cluster, provided the
matter component follows geodesics, i.e. provided there is
no momentum transfer between the components [16–19]. We
are going to show that this is indeed the case. Furthermore,
as δ� = 0, the scalar-field effective sound speed δpφ/δρφ

is zero, which prevents, at the perturbation level, oscillations
and instabilities in the matter power spectrum [16].

The energy-momentum balance between the two compo-
nents can be written as

Tμν

m;ν = Qμ, (8)

Tμν

�;ν = −Qμ, (9)

where

Qμ = Quμ + Q̄μ (Q̄μuμ = 0) (10)

is the energy-momentum transfer, and uμ is the fluid
4-velocity. The transverse component Q̄μ represents the
momentum transfer. Writing for the � term

Tμν
� = �gμν, (11)

we have, from (9),

Q = −�,νu
ν, (12)

Q̄μ = �,ν(u
μuν − gμν). (13)

Perturbing these equations we obtain δ Q̄0 = 0 and, in a
co-moving gauge,

δQ = −(δ�),0, (14)

δ Q̄i = (δ�),i . (15)

Therefore, if we show that δ Q̄μ is zero, we show that �

is strictly homogeneous (and, in addition, that δQ = 0).
Components (6) and (7) can be written, respectively, in the
covariant form

Tμν
m = ∂μφ ∂νφ, (16)

Tμν
� =

(
V − 1

2
∂αφ ∂αφ

)
gμν. (17)

From (17) and (9) we can write

Qμ = ∂αφ ∂α∂μφ − V ′ ∂μφ, (18)

with V ′ = M2φ from (2). In Fourier’s space it takes, in the
adiabatic regime,1 the form

Qμ = ikμ(M2 − k2)φ2, (19)

where kμ is the scalar-field wavevector. By doing ikμ = kuμ

we obtain

Qμ = k(M2 − k2)φ2uμ, (20)

which shows that Q̄μ = 0 in any space-time.2

The Friedmann equations for the spatially flat FLRW
space-time are given by

3H2 = V + 2H ′2, (21)

φ̇ = −2H ′, (22)

where a prime means derivative w.r.t. the scalar field. On the
other hand, by using (6) and (7), the Klein–Gordon equation,

φ̈ + 3H φ̇ + V ′ = 0, (23)

can be put in the form

ρ̇m + 3Hρm = −�̇ ≡ ρm . (24)

1 In the non-adiabatic regime Qμ has additional terms due to the time
dependence of k0, but remains colinear to uμ.
2 Technically, any space-time admitting plane waves as a complete
ortogonal basis, in particular the spatially flat FLRW space-time and
its first order perturbations.
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The last equality defines the rate of matter creation , which
is a function to be determined. Using (6), (7), (22) and (23)
into (24), we obtain

V ′ = (3H + )H ′. (25)

With the potential given by (2), Eqs. (21) and (25) determine
the solutions for H(φ) and (φ). The second order solution
for H can be written as

H = HdS (1 + Aφ2), (26)

where A is a positive constant. It corresponds to a space-
time going to de Sitter as φ approaches the minimum of the
potential. Using (2) and (26) into (25) we obtain, at the same
order of approximation,

 = M2

2AHdS
− 3HdS, (27)

which means that matter is created at a constant rate. On the
other hand, from (6), (22) and (24) we have

�′ = 2H ′, (28)

which, after integration, leads to

� = 2H + �̃, (29)

where �̃ is an arbitrary integration constant. There is no
energy scale fixing �̃, let us hence take it zero, that is,

� = 2H. (30)

In the de Sitter limit φ → 0 we have, from (2), (21), (26) and
(30),

VdS = 3H2
dS = 42

3
. (31)

Substituting (26) into (21), retaining only terms up to second
order in φ and using (31) we obtain

322

9
A2 − 82

3
A + M2

2
= 0. (32)

On the other hand, using (31) into (27) we get

M2 = 42A. (33)

From (32) and (33) we then have A = 3/16, which, substi-
tuted back into (33), gives

2 = 4M2

3
. (34)

We see that
√

2μ = M completely determines not only the
mass of φ, but, through (31) and (34), also the matter creation
rate , the de Sitter horizon HdS and the potential (2).

The cosmological solution with constant-rate creation of
matter was tested against observations at background and
perturbation levels, showing a good approximation to the
present universe [42–45].3 For  = 0 we have a Minkowski
space-time with V = 0, which is however unstable and even-
tually collapses to a singularity [48]. For  �= 0 we have an
expanding space-time, which tends asymptotically to a sta-
ble de Sitter universe. For high redshifts the matter density
decreases with the scale factor as a−3, as the matter creation
rate is negligible compared to the expansion rate. Near the de
Sitter phase it varies slowlier, as a−3/2, due to matter creation
[42–45]. This can also be seen from (16), which in Fourier’s
space gives ρm = k2φ2. Near the de Sitter phase, the Klein–
Gordon equation (23) has the solution φ ∝ exp(−kt), with
k = 3HdS/4. Using the de Sitter solution a ∝ exp(HdSt) we
obtain ρm ∝ a−3/2. On the other hand, from (20) it is easy to
show, in the same limit, that Q = ρm , which is consistent
with the definition of  given by (24).

As a matter of fact, the result (30) can be achieved with
any free scalar field of mass M , since all we need is a poten-
tial like (2) and a space-time close enough to de Sitter [16].
Nevertheless, we may show that the QCD chiral phase tran-
sition leads naturally to the correct energy scale we need to
describe the observed universe. From (30) we see that the
constant  has the dimension of the cube of a characteristic
energy mπ . By taking (30) at the present time, we can write

m3
π ∼ H0��0, (35)

where ��0 ∼ 1 is the dark energy density relative to the
critical density. By taking also H0 ∼ 10−18s−1, we have

mπ ∼ 100 MeV, (36)

which is the energy scale of the QCD phase transition. Lead-
ing  ∼ m3

π into (34), we obtain the mass4

M ∼ 10−33 eV. (37)

On the other hand, if we assume that the proportionality
between the mass of the chiral condensate fluctuations and
the condensate density is also valid at nuclear scales [51], we
can write

M

ρc
∼ mσ

ρNuc
∼ m−3

π , (38)

3 The non-interacting version of the � ∝ H model is excluded by
observations [46]. For non-interacting, scalar-field based decaying dark
energy models, see, e.g., Ref. [47].
4 The cosmological role of a pseudo Nambu-Goldstone boson with
mass H0 was already considered before, in other contexts [49,50].

123



183 Page 4 of 5 Eur. Phys. J. C (2018) 78 :183

where ρc is the cosmological critical density, mσ ∼ 1 GeV is
the observed σ mass, and ρNuc is a typical nuclear density.
With ρc ∼ 10−26 kg/m3 and ρNuc ∼ 1016 kg/m3, we obtain
for M the same figure as in (37). It is also worthy of note
that M is the quantum of energy expected in the de Sitter
space-time. Indeed, the number of degrees of freedom inside
the de Sitter horizon is given by the holographic bound N ∼
H−2
dS [52–62]. The corresponding energy is E ∼ ρ H−3

dS ∼
H−1
dS . Therefore, the energy per degree of freedom is E/N ∼

HdS ∼ M , by (31) and (34). It is also suggestive (see (31))
that the rate of dark particles creation  has the order of the
de Sitter horizon temperature HdS [63–65].5

Models with dynamic dark energy, and with interactions in
the dark sector, in particular, have been studied from both the-
oretical and observational viewpoints [17–19,24–47,66–70].
Some of them are essentially phenomenological [36–38,66–
70], while others present a field-based theoretical background
(see, e.g., Refs. [39–41,47]). In the present contribution we
have tried to link the dynamics of the dark sector to QCD
vacuum estimations [9–15], on the basis of a low-energy,
effective σ -model. It predicts, in the low-redshift limit, a dark
energy density scaling linearly with H , phenomenology that
has shown a good approximation to the present universe [42–
45]. Furthermore, allowing an interaction between the dark
components has permitted to adopt a covariant equation of
state for vacuum (see (11)), something not possible in the case
of a conserved dynamical dark energy. This has also allowed
an unambiguous definition of clustering matter, since vac-
uum does not cluster, as explicitly proved. In a subsequent
work [71] we show that a scalar field can in fact describe not
only the model with � ∝ H , but a family of solutions that
are equivalent to non-adiabatic generalised Chaplygin gases
[36–38,66–70]. In spite of the theoretical motivations of the
present model, only observations will determine whether any
interaction actually exists, and its precise form.
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5 The term “dark particle” is an abuse of language. As we have seen, in
the de Sitter limit the solution of the Klein–Gordon equation has imagi-
nary frequency. The fluctuations φ have wavelengths of the order of the
Hubble horizon and we cannot define a particle occupation number. As
well as dark energy, dark matter should be better interpreted as a field
in this context.
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