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Abstract. Gravitational vacuum condensate stars, also known as gravastars, have been pro-
posed as an alternative to black holes. Their interior contains a perfect fluid with an equation
of state akin to that of a cosmological constant. For this reason, they have recently been
considered as a possible astrophysical source of dark energy. In this work we argue that grav-
itational vacuum condensate stars cannot be the source of dark energy and highlight that a
direct coupling of their mass to the dynamics of the Universe would lead to an additional ve-
locity dependent acceleration, damping their motion with respect to the cosmological frame.
We briefly discuss the potential impact of this additional acceleration in the context of a
recent proposal that the observed mass growth of compact objects at the core of elliptical
galaxies might result from such a cosmological coupling.
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1 Introduction

Gravitational vacuum condensate stars [1-4] (see [5] for a recent review), also known as
gravastars, are compact objects whose interiors are essentially described by a perfect fluid
with a dark energy equation of state. It has been argued that the pressure inside gravastars
may be responsible for the acceleration of the expansion of the Universe, thus providing a
possible astrophysical source of dark energy [6-8] (see, however, [9] for a different perspective).
It has also been suggested that this should be associated to a corresponding growth of the
mass of gravastars, which could be constrained observationally. In fact, recent observations
of elliptical galaxies with a redshift z < 2.5 [10, 11] have been interpreted as evidence for a
cosmological coupling of the mass of these objects, with a zero cosmological coupling claimed
to be excluded at 99.98% confidence (see, however, [12, 13] for an alternative view).

In this work we analyse whether the pressure inside stable compact objects may poten-
tially affect the expansion of the Universe and shed light on the nature of the dark energy. We
shall essentially assume energy-momentum conservation and Birkhoff’s theorem in general
relativity [14, 15], considering first the simpler case of stable compact objects with negligible
self-gravity. We also discuss possible implications of energy-momentum conservation to the
dynamics of these objects in a cosmological scenario where the growth of the mass of compact
objects, such as gravastars, is directly coupled to the dynamics of the Universe.

Except when stated otherwise, we shall use units such that ¢ = 1 (c is the speed of light
in vacuum).

2 The pressure inside stable compact objects and the expansion of the
Universe

The volume-averaged pressure inside stable static compact objects with a negligible self-
induced gravitational field vanishes. A general derivation of this condition, also known as
the von Laue condition [16], can be found in [17] — see also [18-20] for a detailed account
of how this generic result is related to the appropriate form of the on-shell Lagrangian of an
ideal gas.
Here, we consider an alternative derivation of the von Laue condition using the standard

energy-momentum conservation law,

dp o _

i —3H(p+p) =—-3Hp(1 +w), (2.1)



in an expanding homogeneous and isotropic Friedmann-Lemaitre-Robertson-Walker universe
permeated with a perfect fluid (p and p are, respectively, the cosmological energy density and
pressure, w = p/p is the cosmological equation of state parameter, H = a/a is the Hubble
parameter, a is the cosmological scale factor and a dot represents a derivative with respect
to the physical time t). The cosmological energy density of a homogeneous and isotropic
population of stable compact objects comoving with the expansion of the universe evolves
as p o< a=3, and eq. (2.1) implies that p oc a=2 if and only if p = 0. Assuming that the
cosmological pressure p in eq. (2.1) is the volume average of all pressures everywhere [6],
we find that the volume-averaged pressure inside stable static compact objects must vanish
(otherwise their contribution to the cosmological pressure p would not vanish and their
cosmological energy density would not evolve as p oc a™3).

If the self-induced gravitational field cannot be neglected, then the von Laue condition
no longer applies. As an example, let us consider a stable non-relativistic spherically compact
object (e.g. a star) of radius R and mass m = m[R] < R/G in hydrostatic equilibrium. In
this limit the pressure field p[r] satisfies

Y] = dZE“] _ _Gmy[g]p[r] ’ (2.2)
where .,
mlr] = 47r/0 plulu®du (2.3)

is the mass inside a radius r and p[r] represents the matter density as a function of the
distance to the center of the compact object. The volume-averaged density and pressure are
given, respectively, by

3m

{p) = RS’ (2.4)
(p) = ORPMTQCZT _ (]Rp/[r]rgdr _ U
P Ry RS 4rR3
where " )
Uy = —47rG/0 mlr]plr|rdr ~ —G;j , (2.5)

is the total gravitational potential energy. Hence, the average pressure inside the compact
object is given by (p) = weo(p), with

Ug

Weo = —
3m

Gm

~ 5 #0. (2.6)
As predicted by the von Laue condition, the pressure vanishes in the Gm/R — 0 limit.
On the other hand, for a fixed mass m = m|[R] the average pressure is expected to be
roughly proportional to R~!. One may now raise the question of whether the expansion of
the Universe can be sensitive to the distribution of radii R of stable compact objects with
R < H™!, assuming that their contribution to the cosmological energy density is fixed. In
other words, could the values of w and w¢, be related?

Although the von Laue condition cannot be applied to objects with strong self-induced
gravitational fields, according to Birkhoff’s theorem [14, 15] in general relativity exterior
spherically symmetric vacuum solutions are described by the Schwarzschild metric indepen-
dently of the strength of the self-induced gravitational field. Hence, the interior pressure



does not contribute to the gravitational field outside spherically symmetric stable compact
objects. As a result, it also cannot not affect the expansion of the Universe. This is true even
if the interior pressure is extraordinarily high as happens, for example, in the case of neutron
stars or (hypothetical) gravastars. Therefore, gravitational vacuum condensate stars cannot
be a source of dark energy.

It has been shown in [6] that, under certain assumptions, the cosmological pressure p in
eq. (2.1) is the volume average of all pressures everywhere, including the interiors of compact
objects with strong gravitational fields. However, this result (egs. (44) and (54) in [6]) relies
on perturbation theory with respect to a homogeneous and isotropic Friedmann-Lemaitre-
Robertson-Walker background and neglects the local gravitational field which balances the
pressure field inside stable compact objects with non-negligible volume-averaged pressure.
The local gravitational field is crucial in this context, since it effectively cancels the contri-
bution of the local pressure inside stable compact objects to the cosmological pressure.

3 DMass growth and energy-momentum conservation

The cosmological density and pressure associated to a homogeneous and isotropic distribution
of stable compact objects of constant proper mass mg and speed v is given by p & mgya™3
and p = pv?/3. Substituting into eq. (2.1) assuming a constant my it is straightforward to
show that

d(yv)

dt
or equivalently, that the value of the linear momentum of the compact objects with respect
to the cosmological frame evolves as mgyv o< ! [here v = (1 — v?)~/2].

The simplest way to couple the proper mass mgy of a compact object to the dynamics
of the Universe is to consider a model where the proper mass is a function of a (nearly)
homogeneous dark energy scalar field ¢ = ¢[a] [21-23]. In fact, the scalar field cannot be
perfectly homogeneous because otherwise there would be no energy flow and mg would remain
a constant. However, for simplicity, in the following we shall approximate the scalar field as
being perfectly homogeneous, thus neglecting the associated fifth forces.

According to general relativity the energy-momentum tensor must be covariantly con-
served and, therefore, the increase of the proper mass of the compact object mgla] needs to
be compensated by a corresponding decrease of its speed v with respect to the local cosmo-
logical frame. Hence, in order to account for a direct coupling of the proper mass mg to the
scale factor a, one needs to add a momentum conserving source term to the right hand side
of eq. (3.1) satisfying

+ Hyv =0, (3.1)

d (moyv)
=0 3.2
0y, (32
or equivalently
d(yv) d1nmg
= — = — H .
{ dt } a 0T (33
with a0 )
nimo
k= ———1 3.4
d(lna) (34)
With this added term, eq. (3.1) now becomes
d
% | (14 k)yw =0. (3.5)

dt



Hence, the mass growth of the compact objects would be associated with a larger damping
of their velocity by a factor of 1 + k. For & = const., eq. (3.5) implies that yv oc a=1=*
in a perfectly homogeneous and isotropic Friedmann-Lemaitre-Robertson-Walker universe,

instead of the standard result yv oc a1

4 Acceleration of gravastars with respect to their host galaxies

In the previous section we have shown that a direct coupling of the growth of the proper
mass mg of a gravastar to the scale factor a must be associated to a velocity dependent
acceleration causing an additional damping of its velocity. According to eq. (3.5), if the
gravastar motion with respect to the local cosmological frame is non-relativistic then the
corresponding acceleration with respect to a comoving object whose mass is not coupled to
the evolution of the Universe should be equal to

-, dv .
Ucoupling = 7 = —kH7. (4.1)

The speed of our own galaxy, the Milky Way, with respect to the Cosmic Mi-
crowave Background has been estimated to be equal to 631 &+ 20kms™! [24]. Using
Hy = 70kms~! Mpc™!, and assuming the value of the cosmological coupling strength sug-
gested by the observational analysis in [11] (kK = 3), one can estimate that the value of
f)’coupling at the present time would be |i7c0up1mgo| = 4.3 x 1072 ms~? for a gravastar at the
core of Milky Way. Although this is roughly only 2% of the acceleration of the Solar System
barycenter with respect to the rest frame of the Universe (measured from Gaia astrometry
to be equal to 2.32 4 0.16 x 10~ ms~2 [25]), the cosmological coupling of the proper mass
gravastars could potentially be responsible for a shift in the position of gravastars away from
the center of their host galaxies, with the amplitude of the shift being dependent on the
relative velocity of each galaxy with respect to the local cosmological frame. The dynamical
impact of a cosmological coupling of the proper mass gravastars could be more significant at
larger redshifts, since the linear growth of cosmological perturbations is particularly affected
by modifications to the cosmological damping term.

5 Conclusions

The precise nature of the dark sector of the Universe remains elusive. Therefore, it is in-
teresting to explore different avenues for what could be the source of dark matter and dark
energy. In this work we analysed a recent suggestion that gravastars could potentially be the
source of dark energy.

We started by providing an alternative derivation of the von Laue condition, which states
that the volume-averaged pressure inside stable compact objects with a negligible self-induced
gravitational field vanishes, not contributing to the cosmological pressure. We argued that,
although the von Laue condition cannot be applied in the presence of a significant self-induced
gravitational field, Birkhoff’s theorem in general relativity precludes the pressure inside stable
compact objects from playing a cosmological role, thus excluding gravastars as a plausible
dark energy source. We have also highlighted that the local gravitational field which balances
the pressure field inside stable compact objects with non-negligible volume-averaged pressure
must be considered when performing cosmological averages, since it effectively cancels the
contribution of the local pressure inside stable compact objects to the cosmological pressure.



Energy-momentum conservation implies that a direct coupling of the proper mass of
stable compact objects to the cosmological scale factor must lead to an additional velocity
dependent acceleration, damping their motion with respect to the cosmological frame. We
have estimated this acceleration for a gravastar at the core of our own galaxy, assuming
the value of the cosmological coupling strength suggested by a recent observational analysis,
showing that it is about 2% of the acceleration of the Solar System barycenter with respect
to the rest frame of the Universe. Although this is a relatively small acceleration, it could
potentially lead to a shift in the position of gravastars away from the center of their host
galaxies. We have also pointed out that the dynamical impact of a cosmological coupling of
the proper mass of gravastars could be more prominent at high redshift.
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