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In the action formalism variations of metric tensors usually are limited by the Hubble horizon. On the contrary, variations of
quantum fields should be extended up to the event horizon, which is the real boundary of the spacetime. As a result the entanglement
energy of quantum particles across the apparent horizon is missed in the cosmological equations written for the Hubble volume.
We identify this missing boundary term with the dark energy density and express it (using the zero energy assumption for the finite
universe) as the critical density multiplied by the ratio of the Hubble and event horizons radii.

Many authors consider so-called emergent theories in which
gravity is not a fundamental field, but like thermodynamics
or hydrodynamics is defined for the matter in bulk [1–7].
One such approach is the thermodynamic model of gravity
[3–15], where spacetime emerges from the properties of the
“universal” ensemble of quantum particles. In this approach
the entropy, rather than the energy density, plays the crucial
role.
Since in General Relativity horizons are unavoidable and
horizons block information, entropy and temperature can be
introduced for spacetime. One such boundary is the apparent
horizon with the radius (for the spatially flat universe),
1
(1)
≈ 14.5 𝐺𝑙𝑦,
𝐻
̇ is the Hubble parameter. For the Hubble
where 𝐻 ≡ 𝑎/𝑎
volume,
4
(2)
𝑉𝐻 = 𝜋𝑅3𝐻,
3
having the surface area
𝑅𝐻 =

𝐴 𝐻 = 4𝜋𝑅2𝐻,

(3)

one can associate the temperature [16, 17],
𝑇=

1
,
2𝜋𝑅𝐻

(4)

and an entropy [18, 19],
𝑆𝐻 =

𝐴𝐻
,
4𝐺

(5)

where 𝐺 is the Newton constant.
The concept of entropy is a powerful tool in thermodynamics, information theory, and quantum physics and
allows us to study different aspects of physical systems using
a similar mathematical framework. In quantum mechanics
a measurement is considered as the interaction of three
systems: the quantum object, memory (measurement device),
and observer. Then the total entropy of the ensemble of
all quantum particles, which is formed by the information,
statistical (thermodynamic), and quantum (entanglement)
components [20, 21], can be assumed to be zero [15]. In
this case the universe can always remain in pure state and
only allow a unitary time-evolution, as it is suggested by von
Neumann’s model. Also the “universal” entropy remains zero
at all stages of universe’s evolution, while any subsystem (for
example, the Hubble volume) has nonzero entropy.
In our previous papers it was demonstrated that “world
ensemble” approach is compatible with the existing fieldtheoretical descriptions, as the relativistic [11, 12] and quantum [13] properties are emerging from its properties. Moreover, the model allows us to explain the hierarchy problem in
particle physics by the fact that our underlying assumption
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that any gravitational interaction of two particles involves
interactions with all particles of the world ensemble effectively weakens the observed strength of gravity by the factor
proportional to the number of particles in the ensemble [14].
As it was noted in [15], the convenient physical parameter
to measure information can be an action, which in most cases
is an additive quantity like entropy, also contains positive
and negative components, and exhibits the unique discrete
value, the action quantum ℏ [22]. Then the maximum entropy
principle in thermodynamics [23–25] and the least action
principle in field theory lead to the same formalism. The
relation of the classical action of a physical system to the
thermodynamic entropy translates the condition of entropy
neutrality into the zero action principle: the sum of all
components of the action for a physical system (including the
boundary terms) is zero. One consequence of this principle
for the whole universe is the zero-energy condition,
𝜌𝑈 = 0,

(6)

i.e., the total density of all the forms of energy in the universe,
𝜌𝑈, at any moment of time should be zero. This mean that
the universe can emerge without violation of the energy
conservation, which appears to be preferable point of view
in cosmology [26, 27].
In this paper we want to connect the entanglement energy
of quantum particles across the apparent horizon, which is
missed in the classical cosmological equations written for the
Hubble volume, with the dark energy (DE), origin of which
remains a mystery [28]. It is known that DE can be modelled
by Einstein’s cosmological constant, for which a typical fit
to current observational data gives Λ ≈ 3 × 10−122 𝑠𝑒𝑐−2 .
However, in quantum field theory, the natural value of Λ is
of the order of unity. This discrepancy is one of the biggest
challenges in modern cosmology and fundamental physics
[29, 30].
Alternatives of the introduction of a cosmological constant are that DE arises from the evolution of dynamical
fields of an unknown origin, or modifications of General
Relativity. In order to distinguish between these hypotheses, a
worldwide effort is ongoing to measure the effective equation
of state and clustering properties of DE, using wide field cosmological surveys [31]. For reviews on the DE and theories,
see [32–35] and references therein.
One promising approach for solving the DE puzzle is
the Holographic DE model [36–39], which is based on
the quantum zero-point energy predicted by an effective
quantum field theory. The primary model of this kind, which
as the IR cut-off uses the apparent horizon of the universe,
𝑅𝐻, has serious drawbacks [40–43], since for the DE density
predicts the value:
𝜌𝐷𝐸 = 2𝜋𝜌𝑐 ,

(7)

where
𝜌𝑐 =

3𝐻2
8𝜋𝐺

(8)

denotes the critical density. As we see 𝜌𝐷𝐸 in Holographic
DE model (7) is larger than observed; in fact it even exceeds

𝜌𝑐 . To solve this failure physicists are considering [44] (i)
interactions between the cosmos sectors, (ii) various models
for entropies, and (iii) different from 𝑅𝐻 cut-offs.
We note that, based on spacetime thermodynamics, a
proper causal boundary of the classical spacetime is its apparent horizon [45, 46], meaning that the metric fluctuations
are bounded by 𝑅𝐻 and also that thermodynamics laws are
satisfied on this boundary [47, 48]. Moreover, the event
horizon in the context of cosmology as well as in the context
of a black hole is always defined globally, as the causal
structure of spacetime is a global thing (see more discussions
in [39]).
From the other hand, the quantum fluctuations of matter
fields should be limited not by the Hubble horizon (1), but by
the event horizon,
𝑅𝑒 = ∫

∞

1

𝑑𝑎
𝑎2 𝐻 (𝑎)

≈ 16.7 𝐺𝑙𝑦,

(9)

which represents a real boundary of spacetime. Then the
entanglement energy of quantum particles across the apparent horizon 𝑅𝐻, which is defined as disturbed vacuum energy
due to the presence of a boundary [49], is missed in the
cosmological equations written for the Hubble volume and
can be taken into account by introduction of a boundary
term. It was found that the perfect fluid of entanglement has
a negative pressure [50] and can be interpreted as the origin
of DE.
The terms corresponding to entanglement across 𝑅𝐻
should disappear in the equation of state of classical fields.
Indeed, for the light-like geodesics, which describe the
Hubble horizon in the spatially flat universe, the Einstein
equations written in the form of the first law [4–8],
1
(𝑅𝜇] − 𝑔𝜇] 𝑅) 𝑢𝜇 𝑢] = 8𝜋𝐺𝑇𝜇] 𝑢𝜇 𝑢] ,
2

(10)

do not contain the DE terms. This equation involves additional vector field 𝑢] , but contains all information content
of the ordinary tensorial Einstein equations, because it is
demanded that it holds for all 𝑢] . In addition, if one assumes
that 𝑢] is an orthogonal to the observers horizon null vector
field [5–8],
𝑔𝜇] 𝑢𝜇 𝑢] = 0,

(11)

in that obtained from (10) tensorial Einstein equations,
1
𝑅𝜇] − 𝑔𝜇] 𝑅 = 8𝜋𝐺 (𝑇𝜇] + 𝑔𝜇] Λ) ,
2

(12)

Λ arises as an integration constant, which is not connected
with the large constant vacuum energy terms in matter
Lagrangians and needs to be fixed using an extra physical
principle. For example, since we know that information is a
physical entity [51–55], it can be identified with the amount
of information accessible to an eternal observer at the horizon
[8], or with the energy of collective gravitational interactions
of all particles in the finite universe [9, 10].
Equation (10) has the natural interpretation as the balance
of gravitational and matter heat densities, where the right
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hand side represents the matter heat density, in the spirit of
the first law of thermodynamics. This is obvious, for example,
for the case of ideal fluid using the classical Gibbs-Duhem
relation,
𝑇𝜇] 𝑢𝜇 𝑢] → 𝜌 + 𝑝 =

𝑇𝑆𝑚
,
𝑉

(13)

where 𝑇 is the temperature and 𝑆𝑚 is the entropy of the matter
in the volume 𝑉.
Connections of the cosmological constant with the
boundary conditions and generalized equations of state can
be demonstrated also from the cosmological equations. For
a homogeneous, isotropic, and flat universe (𝑘 = 0) there are
two independent Friedmann equations with the cosmological
term Λ:
𝐻2 =

1
8𝜋𝐺
𝜌+ Λ
3
3

4𝜋𝐺
1
𝑎̈
(𝜌 + 3𝑝) + Λ.
𝐻̇ + 𝐻 ≡ = −
𝑎
3
3

(14)

2

Using the first equation of (14) the second equation can be
reexpressed without Λ,
𝐻̇ = −4𝜋𝐺 (𝜌 + 𝑝) .

𝜕] 𝑇

= 0,

(16)

which leads to
𝜌̇ = −3𝐻 (𝜌 + 𝑝) .

(17)

Due to the presence of derivatives in (16) the cosmological
constant Λ does not appear in (17) as well.
If instead of (14) one will choose (15) and (17) as the
independent system of cosmological equations, Λ obtains
the role of integration constant which can be fixed from
an equation of state. Indeed, combining (15) with (17) and
integrating over the time we have
𝐻2 =

8𝜋𝐺
𝜌 + 𝐶,
3

(18)

where the cosmological term reappears in the form of an
arbitrary constant 𝐶, which should be chosen as
𝐶=

1
Λ,
3

𝑑𝑆
= 𝑆𝑚 𝐴.
𝑑𝑡

(19)

in order to obtain the first Friedmann equation in (14).
To find the value of DE density in our approach let us
estimate the entropy input in a region as the sum of the
entropy flux (entropy received per unit surface) transferred
through the boundary and the entropy supplied by internal
sources (entropy generated per unit volume). If we neglect
the entropy supplied by internal sources, then according to
the Second Law of Thermodynamics the time derivative of

(20)

Using the relations of types (5) and (13), (20) takes the form
1 𝑑𝐴 𝜌 + 𝑝
=
𝐴.
4𝐺 𝑑𝑡
𝑇

(21)

For the Hubble volume, taking into account (3) and (4), this
equation leads to one of the cosmological equations (15). Then
combined with the energy conservation equation (17) and
integrating over time we find again (18), where 𝐶 corresponds
to some hidden amount of energy.
For the finite universe limited by the event horizon, 𝑅𝑒 ,
the energy balance condition (18) should obtain the form
1
8𝜋𝐺
𝜌 ,
=
𝑅2𝑒
3 𝑈

(22)

without the boundary term. Then the zero energy condition
(6) allows us to fix 𝐶 in (18) as
𝐶=

(15)

From system (14) one can obtain also the matter energymomentum conservation condition,
]𝜇

the entropy contained within the volume, 𝑆, is equal to the
flux of the matter entropy, 𝑆𝑚 , through the boundary 𝐴,

1
.
𝑅2𝑒

(23)

Therefore, using (1) and (9) for the DE density, we find
𝜌𝐷𝐸 = 𝜌𝑐

𝑅2𝐻
𝐶
=
𝜌
𝑐 2 = 0.75𝜌𝑐 ,
𝐻2
𝑅𝑒

(24)

which is very close to the observed value of the DE.
Note that the relation (24) must be valid at any time of
cosmological evolution, which gives time-dependence of DE.
Moreover, the parameter 𝐶 in the energy balance condition
(18) can change the sign in the situation when the Hubble
horizon crosses the event horizon. In General Relativity, as we
know, Λ is a true constant. However, an expanding universe
is not expected to have a static vacuum energy density and
there is the possibility that Λ is actually a time dependent
quantity. In order to implement the notion of a smoothly
evolving vacuum energy density is not necessary to introduce
ad hoc scalar fields [56–58], as usually done in quintessence
formulations. Let us mention a dynamical approach based
on extending the variational principle by promoting Λ from
being a parameter to a field [59–61]. In this modified
variational approach the resulting history is indistinguishable
from General Relativity with a constant value of Λ put in by
hand at the right value at each observational time. In our
model Λ also appears to be time dependent and even can be
negative, positive, or zero at different stages of the universe
evolution. This fact can be used to model, for example, the
end of the inflation epoch.
To conclude, in this paper we estimate the DE density
within the thermodynamic model of gravity using the zero
energy condition: the total energy of the universe inside
its event horizon is zero. We notice that in the action
formalism variations of metric tensor should be limited by
the Hubble horizon, which represents a causal boundary of

4
classical spacetime. On the contrary, variations of quantum
fields are limited by the event horizon, which is the real
boundary of the spacetime. Then the entanglement energy of
quantum particles across the apparent horizon is missed in
the cosmological equations written for the Hubble volume.
We identify this entanglement density with the DE, which
can be introduced as a boundary term in the cosmological
equations. In our model the DE density equals the critical
density reduced by the ratio of the squares of the Hubble and
event horizons radii (24), having the value in good agreement
with the observational data. In our approach DE density
appears to be time dependent and can change the sign, what
can explain transitions form accelerations to decelerations at
different epoches of cosmological evolution.
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