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Abstract

In cosmological models with a time-varying cosmological constant, the stress-energy tensor of matter
is not conserved due to coupling between matter and vacuum energy. This non-conservation leads to
the possibility of an energy transfer from the vacuum energy to ordinary matter. It is therefore natural
to expect that a dynamical vacuum energy can also affect the evolution of black holes. In this work, we
investigate the evolution of black holes in such a background with a decaying vacuum. The black hole
accretion rate is estimated for a simple model.
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1. Introduction
The discovery that the universe is undergoing an accelerated expansion has become one of the

most profound results in modern cosmology. This acceleration is commonly attributed to a mysterious
negative pressure component, known as dark energy. Many dark energy candidates for the dark
energy have been put forward. However, most of the candidates suffer from the coincidence problem:
it is unclear why the dark energy density happens to be of the same order of magnitude as that of
matter in the current epoch. To cure such a drawback, a simple manner is to introduce a dynamical
cosmological constant Λ = Λ(t). For a definite model of Λ(t)CDM cosmology, we need to specify a
vacuum decay law. A number of proposals of the vacuum decay law for describing a time-varying
Λ(t) have been proposed [1–5] even before the discovery of the accelerated expansion of the universe.

On the other hand, astronomical observations have revealed a number of black holes whose
masses challenge the standard theoretical frameworks of formation and growth. In the early universe,
supermassive black holes have been detected at redshifts z ≥ 6 when the universe was less than a
billion years old [6–8]. The rapid appearance is difficult to reconcile with conventional models. These
observations suggest that our current understanding of black hole evolution may be incomplete.

It should be noted that an important feature of the Λ(t)CDM model is that the stress-energy
tensor of matter is not conserved due to coupling between matter and vacuum energy (most plausibly
via gravity). It is therefore natural to expect that a black hole may interact with vacuum energy in a
way that enables an exchange of energy between them. A dynamical vacuum energy can also affect
the evolution of black holes. In this work, we will analyze the evolution of black holes in a decaying
vacuum for a simple model.

2. Growing Black Holes in a Decaying Vacuum
Many purely phenomenological models have been proposed in the literature for describing a

time-dependent Λ [2,9–13]. We consider here the Λ term as a running parameter in the quantum field
theory in the curved spacetime. Following [14,15], there should exist a corresponding renormalization
group equation of this form

16π2 dρΛ

dlnµ
=

∞

∑
n=1

Anµ2n, (1)

where ρΛ is the vacuum energy density and µ is the renormalization scale. By choosing µ = H(t),
all terms with n > 1 can be neglected due to the expansion involving powers of the small quantities.
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Here, H(t) = ȧ/a is the Hubble parameter with a(t) being the cosmic scale factor. The n = 0 term can
also be discarded because it leads to an extremely fast evolution. Thus, Equation 1 reduces to

dρΛ

dlnH
=

κ

16π2 M2
PH2 (2)

with

κ =
sM2

U
M2

P
, (3)

where MU denotes the GUT mass scale, MP denotes the Planck mass and s = ±1 are associated with
bosons and fermions respectively. The solution of Equation 2 takes the following form

ρΛ = c0 + ϵM2
PH2, (4)

where c0 is an integration constant and we have introduced a dimensionless parameter ϵ = κ/32π2.
The matter will dilute in a smaller rate compared with the standard relation ρ ∝ a−3 because the
vacuum energy is constantly decaying into the matter. Since new matter is created from the decaying
vacuum, the matter density can be written as [16,17]

ρ = ρ0a−3+ϵ. (5)

We now analyze the evolution of black holes in a background of decaying vacuum. We consider an
isotropic and low-density pressureless particle production background around an isolated black hole
with mass M. We assume that particles are collisionless and at rest at infinity. Therefore, every particle
follows a radial free-fall geodesic independently. In the case of steady and spherically symmetric flows,
the following relation holds

4πr2ρur = Ṁ = constant. (6)

For particles released from rest at infinity, the radial component of velocity is

ur =

√
2M

r
. (7)

Thus the accretion rate is given by

Ṁ = 4πr2ρ(r)

√
2M

r
. (8)

Substituting Equation (5) into Equation (8) yields

Ṁ = 16πρ0M2a−3+ϵ. (9)

The accretion rate can also be written as a function of the redshift:

Ṁ = 16πρ0M2(1 + z)ϵ−3. (10)

Even in the absence of local structures such as galaxies, halos, or accretion disks, a black hole will still
grow, and the source of this growth is the vacuum energy.

3. Conclusions
In this work, we investigate the evolution of black holes in a decaying vacuum cosmology.

Although this is a very ideal case, it still captures the main features of the evolution of black holes in a
coupled decaying vacuum. Here, we adopt quadratic evolution law (ρΛ ∝ H2) for the vacuum energy,
following the conventional choice made in numerous prior studies. In the absence of a fundamental
underlying theory, we consider a homogeneous and isotropic decaying vacuum. Further exploration of
the coupling between black holes and vacuum energy would be of interest. Notably, our theory is local,
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in contrast to the non-local cosmological coupling proposed in Ref. [18,19]. On the other hand, the
conventional ΛCDM cosmology is receiving a lot of setbacks due to recent results [20]. The proposal of
the Λ(t)CDM is partially supported by recent results from the Dark Energy Spectroscopic Instrument
(DESI) collaboration. When combined with CMB data, Type Ia supernovae, and weak lensing, the
preference for a time-varying dark energy rises to approximately 3σ. This is widely interpreted as
tentative evidence that dark energy density may be slowly decreasing with time. The theoretical
analysis in this work could shed light on the mass origin of the supermassive black holes in the early
universe. The mass of the black hole may increase as a result of its gravitational coupling to the
decaying dark energy. Furthermore, it would be interesting to explore a possible connection to the
results of Ref. [21–23], despite differing underlying mechanisms.
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