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Cosmologically coupled black holes (CCBHs), whose masses evolve in response to the cosmological
expansion, have recently attracted significant theoretical and observational interest. Existing studies have
treated CCBHs as purely classical objects, neglecting the effect of Hawking radiation (HR), which competes
with the cosmological coupling (CC) mechanism. We take a first step toward studying evaporating CCBHs,
adopting a quasiadiabatic approximation in which the HR rate is evaluated at the instantaneous CCBHmass,
and modeling the CC mechanism through the phenomenological scaling of the mass with the scale factor,
M ∝ ak. We show that, depending on the coupling strength k, even late-time CC activation can significantly
delay Hawking evaporation, or lead to asymptotic CC-dominated mass growth, with important implications.
We set limits on the abundance of primordial CCBHs from γ-ray observations, finding limits which are
weaker than their uncoupled counterparts, as CCBHs are kept farther from the endpoint of evaporation for a
longer time. Unlike standard primordial black holes, the CCBH formation and present-day masses no longer
approximately coincide, even for formation masses Mform ≳ 1015 g. Therefore, the same population of
primordial CCBHs may be subject to evaporation limits through its past emission history, as well as to other
limits (such as microlensing) through its present-day mass.
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I. INTRODUCTION

Black holes (BHs) are usually modeled as being
asymptotically flat and decoupled from the cosmological
expansion [1,2], a description which is so far in excellent
agreement with a host of BH-related observations across
the gravitational and electromagnetic spectra [3–52].
However successful, this description must ultimately be
provisional at best, if anything because the Universe is not
asymptotically flat at spatial infinity. While efforts to
embed BHs within realistic boundary conditions describ-
ing an expanding Universe have been ongoing for nearly a
century [53–57] (see also Ref. [58] for a comprehensive
review), only recently has it been appreciated that this may
require BHs to be coupled to the cosmological expansion.
Various unexpected dynamical phenomena emerge as a

consequence, such as dynamical (comoving) horizons, or
BH masses which, independently of accretion and merg-
ers, grow with the scale factor of the Universe a. This
cosmological coupling (CC) has strong theoretical support
from at least two complementary arguments. First, within
approaches which resolve the averaging ambiguity in the
Friedmann-Lemaître-Robertson-Walker (FLRW) equa-
tions, the stress-energy of relativistic compact objects
can vary with the expansion rate [59]. Additionally, forcing
an exactly static BH event horizon onto a time-dependent
geometry results in a pathological naked singularity at the
would-be horizon [60]; it has recently been argued that,
because of this, BH horizons become comoving with an
expanding Universe [61].
On the observational side, the idea of cosmologically

coupled BHs (CCBHs) has recently received significant
interest. For instance, intriguing hints for CC-induced mass
growth have been reported from observations of elliptical
galaxies [62–65], although these hints have been debated
[66–70]. The CC mechanism can also play a role for what
concerns the unexpectedly large masses of certain binary
BH systems as inferred from gravitational wave observa-
tions [71,72]. Moreover, the CCmechanism has been shown
to affect the amplitude of the astrophysical stochastic
gravitational wave background from mergers of binary
supermassive BHs in a detectable manner [73], an effect
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which is highly relevant in light of the recent detection from
pulsar timing arrays. Interestingly, for sufficiently strong
mass growth, CCBHs can drive cosmic acceleration and
thus be at the origin of dark energy (DE), potentially
explaining the hints for dynamical DE inferred from recent
dark energy spectroscopic instrument (DESI) data [74,75].
Overall, while the question of the microscopic origin of CC
is not yet settled, the CCBH framework is clearly one which
is theoretically motivated and phenomenologically rich,
explaining why the issue of CC (or absence thereof) is
onewhich has attracted significant recent interest [59–109].1
While all existing studies of CCBHs treat them as

classical objects, this cannot be the end of the story, as
BHs are not purely classical. Indeed, semiclassical consid-
erations concerning quantum fields evolving on a classical
BH background indicate that BHs emit quasithermal radi-
ation [210]: this is referred to as Hawking radiation (HR),
and gradually decreases the BH mass. For stellar-mass and
supermassive BHs, the evaporation timescale is signifi-
cantly longer than the age of the Universe, justifying the fact
that HR is neglected when studying astrophysical CCBHs.
For sufficiently light BHs, whose evaporation timescale is
shorter, the situation can be very different. This is particu-
larly important in the case of primordial BHs (PBHs), which
can play the role of dark matter (DM): indeed, some of the
strongest limits on their abundance come from the absence
of evaporation products, indicating that PBHs lighter than
≈1017 g cannot make up the entirety of the DM in the
Universe [211–215]. If CC is a feature of BHs embedded in
an expanding Universe, there is no a priori reason why the
mechanism should only apply to astrophysical BHs. A very
natural question is thus: what happens when Hawking
evaporation and cosmological coupling are both at play?
Our work takes a first step toward addressing this question.
It is clear that the two effects act in opposite directions.

As time moves on and the Universe expands, the CC
mechanism increases the BH mass, while HR acts to
decrease it. Therefore, one could expect the CC mechanism
to potentially stabilize sufficiently heavy BHs against HR
(or at least increase their lifetime), or conversely HR to
eventually take over CC for sufficiently light BHs. As we
shall show, the CC and HR contributions are intrinsically
dynamical, i.e., the two relevant rates are time dependent: a
first-principles treatment would therefore require a fully
dynamical space-time describing an evaporating cosmo-
logically coupled BH. Such a metric is generically not
available, even in the “simpler” case where only CC is

present, which is why existing studies of CCBHs have
mostly proceeded via phenomenological mass evolution
Ansätze, for instance the often adopted MðaÞ ∝ ak

[59,80,81]. With these considerations in mind, as a zeroth
order step, we find it natural to tackle the problem via a
quasiadiabatic approximation: specifically, we evolve the
BH mass under the combined effects of CC (via the usual
phenomenological mass evolution Ansatz) and HR, with the
instantaneous evaporation rate taken to be the standard
Hawking one evaluated at the corresponding value of the
evolving mass. As we shall argue later, this approximation
does not require a hierarchy between the CC and HR rates,
but rather that the mass evolution be slow compared to the
BH dynamical timescale: if that is the case, we can treat the
BH as evolving through a sequence of quasistatic configu-
rations. This condition can be met even in the phenom-
enologically interesting case where the CC and HR rates are
comparable, and is expected to fail close to the endpoint of
evaporation, where the semiclassical approximation is
nevertheless known to be inadequate. In this work we
expand on the above line of reasoning, studying the
evolution of evaporating CCBHs within the quasiadiabatic
approximation.2 We show that, under the simple phenom-
enological mass evolution Ansatz M ∝ ak, the competition
between CC and HR asymptotically leads to one of the two
taking over: even when the asymptotic outcome is HR
dominated, however, the CC mechanism can significantly
increase the lifetime of an evaporating BH. As an illustrative
application, we compute evaporation constraints on light,
cosmologically coupled PBHs, showing how the CC
mechanism weakens these constraints relative to the
uncoupled case, as it keeps BHs far from the (runaway)
endpoint of the evaporation regime for a longer time.
The rest of this work is then organized as follows. In

Sec. II we review two key theoretical ingredients of our
study: Hawking radiation (Sec. II A) and the cosmological
coupling mechanism (Sec. II B). In Sec. III we discuss our
treatment of evaporating cosmologically coupled BHs,
including the quasiadiabatic approximation and its val-
idity, as well as our methodology for setting constraints on
the abundance of primordial cosmologically coupled BHs.
Our results are presented and critically discussed in
Sec. IV. Finally, in Sec. V we draw concluding remarks.
Some useful analytical expressions relevant to our work,
including a closed-form analytical solution for the mass
evolution of evaporating CCBHs, are provided in the
Appendix. Unless otherwise specified, we adopt units
where G ¼ c ¼ ℏ ¼ 1.

1We note that the CC mechanism is most often discussed in
connection with regular BHs, i.e., space-times which resolve or
avoid the classical singularities present in the standard Schwarzs-
child and Kerr metrics, and which have been widely discussed in
the recent literature (see, e.g., Refs. [110–209]). The CC
framework can therefore potentially address two limitations of
the standard BH description, i.e., asymptotically flat boundary
conditions and classical singularities.

2The possibility that the CC mechanism may counteract HR
has already been noted earlier in Ref. [89], where the authors
estimated the minimum mass of PBHs that are stabilized in this
way. Our analysis differs substantially from this earlier one in that
we solve the full late-time joint evolution of HR and CC, and
derive the resulting evaporation limits on primordial CCBHs.

CALZÀ, PEDROTTI, RINALDI, and VAGNOZZI PHYS. REV. D 114, 084014 (2026)

084014-2



II. THEORY

Here we provide a brief review of the physics of
Hawking radiation and the cosmological coupling
mechanism.

A. Hawking radiation

The existence of Hawking radiation is one of the most
important predictions of quantum field theory in curved
space-time, and originates from the fact that on a nonflat,
time-dependent background, there is no unique notion of
vacuum state. For a BH forming as the result gravitational
collapse, the vacuum state in the asymptotic past is
therefore seen by observers at future infinity as containing
outgoing particles. In what follows we specialize to
Schwarzschild BHs. In this case, the emission spectrum
is approximately thermal, with a Hawking temperature
given by the following [210]:

TH ¼ 1

8πM
; ð1Þ

recalling that we are working in natural units. In general,
an evaporating BH will emit not only photons, but the
whole spectrum of (kinematically accessible) particles of
the underlying theory, with the energy of the emitted
particles coming at the expense of the BH mass. An
isolated, evaporating BH will therefore lose mass in time.
The exact mass loss rate depends mostly on the spectrum
of particles which are light enough to be emitted at a given
BH temperature [or equivalently, through Eq. (1), BH
mass]. The mass loss rate also depends on the so-called
graybody factors (GBFs), which govern the deviation of
the emitted spectrum from that of a blackbody due to the
near-horizon geometry. All these effects are captured in
full generality in the so-called (temperature-dependent)
depletion functions fsðTÞ.
For the purposes of our work, it is sufficient to follow

Page’s simpler treatment of the emission of massless fields
by an evaporating Schwarzschild BH [216–218].
Specifically, we consider three light neutrino species and
their corresponding antiparticles, one light charged lepton
species (electrons and positrons), the photon, and the
graviton, while neglecting heavier Standard Model par-
ticles. This approximation is well justified for the mass
range relevant to our analysis. For sufficiently light BHs
which are close to the evaporation threshold at the present
time, species heavier than the electron are only emitted in
the very final stages of the (runaway) evaporation process,
during a time which is a tiny fraction of the total BH
lifetime. This approximation is, of course, not meant to
reproduce the endpoint of the evaporation process in full
detail. Nevertheless, it does so at a level that is more than
sufficient to capture the mass evolution due to HR, as well
as the competition between HR and CC, which is the main
focus of this work.

With these considerations in mind, the approximate Page
coefficients (which already account for the relevant spin
and particle-antiparticle multiplicity factors) can be
expressed in terms of the geometrical-optics cross section
σ0 ¼ 27πM2 as follows [216]:

σν ¼ σe ≃ 0.66852σ0; ð2Þ

σγ ≃ 0.24044σ0; ð3Þ

σg ≃ 0.02748σ0: ð4Þ

We now define the Hawking evaporation coefficient CHR as
follows:

CHR ≡ 9M3
P

20480πσ0tP

�
7

8
ð3σν þ σeÞ þ σγ þ σg

�
; ð5Þ

with the factor 7=8 accounting for the fermionic nature of
neutrinos and electrons, and MP and tP being the Planck
mass and Planck time respectively. With this definition, the
evolution of the mass of a BH subject only to HR is
controlled by the following equation:

dM
dt

¼ ΓHR ≡ −
CHR
M2

; ð6Þ

where ΓHR is the HR rate. With these approximations,
Eq. (6) can be solved analytically. Considering a BH of
mass Mform at time tform, the BH mass evolution at
subsequent times is given by the following:

MðtÞ ¼ ½M3
form − 3CHRðt − tformÞ�1=3; ð7Þ

which holds until the endpoint of evaporation, when the
quantity inside the square brackets vanishes. This occurs at
an evaporation time tev given by the following:

tev ¼ tform þM3
form

3CHR
; ð8Þ

with tev − tform ∝ M3
form being the BH lifetime.

B. Cosmologically coupled black holes

As discussed earlier, the idea of CC of BHs is not only
theoretically very well motivated, but also leads to concrete
observational predictions. Lacking a well-established,
agreed upon explicit solution for CCBHs, here we adopt
a phenomenological parametrization of the effects of the CC
mechanism. Following the seminal work of Refs. [63,81],
we assume that the most relevant effect of CC is to induce a
purely cosmological (i.e., independent of accretion, merg-
ers, and other astrophysical events) growth of BH masses
M, whose evolution with redshift is parametrized as follows:
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MðzÞ ¼ MΘðz − zCCÞ þM

�
1þ zCC
1þ z

�
k
ΘðzCC − zÞ; ð9Þ

where Θ denotes the usual Heaviside step function. The
above parametrization therefore describes a (nonevaporat-
ing) BH whose mass isM up to redshift zCC, after which the
CC mechanism turns on, and the mass grows with the scale
factor a ¼ ð1þ zÞ−1 as M ∝ ak. In what follows, we shall
refer to k as the “coupling strength.” The requirement that
all causal observers perceive causal flux constrains this
parameter to lie in the range −3 ≤ k ≤ 3, with k ¼ 3 being
the maximum allowed value for causal material with
positive energy density [59]. However, we restrict our
attention to the range 0 ≤ k ≤ 3. Negative values of k are
not of interest to us as they would lead to mass depletion,
which goes in the same direction of HR rather than
competing with it.
Once the CC mechanism is turned on, the energy density

of a population of CCBHs evolves as ρ ∝ ak−3, with the a−3

factor coming from the evolution of the volume of the
Universe with the scale factor. Comparing this to the
evolution of the energy density of a fluid with equation
of state w, ρ ∝ a−3ð1þwÞ, we see that we can identify
w ¼ −k=3. This agrees with the well-known result of
k ¼ 3 corresponding to a component behaving exactly as
a cosmological constant, with ρ ¼ const and w ¼ −1.
Unsurprisingly, this is in fact the value predicted by a
population of regular BHs with vacuum interiors, i.e., de
Sitter cores, whose masses grow in such a way as to exactly
compensate the would-be dilution of the energy density due
to the expansion of the Universe [59,63]. On the other hand,
k ¼ 0 corresponds to the uncoupled case where BHs behave
as a matter component whose energy density redshifts as
a−3. Finally, the k ¼ 1 and k ¼ 2 cases lead to the CCBH
energy density diluting as ρ ∝ a−2 and ∝ a−1 respectively,
analogously to a population of cosmic strings (k ¼ 1) or
domain walls (k ¼ 2). In the k ¼ 1 case, the evolution of the
energy density is also identical to the evolution of the
effective energy density associated to spatial curvature.
Since we later aim to combine HR and CC, it is useful to

express the “CC rate,” i.e., the rate of growth of the BH
mass in time, due to the CC mechanism. This is given by
the following:

ΓCC ¼ dM
dt

¼ dM
dz

dz
dt

¼ −HðzÞð1þ zÞ dM
dz

; ð10Þ

where we have used the well-known time-redshift relation
within a spatially flat FLRW Universe:

tðzÞ ¼
Z

∞

z

dz0

Hðz0Þð1þ z0Þ : ð11Þ

Combining Eqs. (9), (10) we find that the CC rate is
obviously ΓCC ¼ 0 for z > zCC. For z < zCC, corresponding

to times t > tCC, carrying out the derivative leads to the
following expression for the CC rate:

ΓCC ¼ kMHðzÞ
�
1þ zCC
1þ z

�
k
¼ kHðtÞMðtÞ: ð12Þ

The appearance of the factor of H, which arises from the
Jacobian dt=dz, could have been guessed from first prin-
ciples. Since CCBHs couple to the cosmological expansion,
the “natural” timescale for this process is the Hubble time
1=H, and correspondingly the “natural” rate is indeed (up to
the coupling strength k) precisely H.
Two important remarks concerning the parametrization

given in Eq. (9) are in order before moving on. First, as in
previous work [73], we restrict our attention to values of
the CC activation redshifts zCC ≲ 3. The main reason is
that we are interested in the late-Universe phenomenology
of the CC mechanism, particularly with regard to the
possibility that CCBHs may play a role in cosmic accel-
eration. For cosmological parameter values close to the
best-fit Λ cold dark matter (ΛCDM) ones, zCC ∼ 3 corre-
sponds to an activation time of tCC ∼ 2.1 Gyr, which still
leaves a long lever arm in cosmological time over which
the CC mechanism can operate. From the practical point of
view, this choice also allows us to neglect radiation in the
background expansion rate.
One might also wonder why the CC mechanism should

suddenly turn on at zCC, rather than being active throughout
the entire cosmological history, which is what one might
expect if CC is a genuine property of compact objects
embedded in an expanding Universe. Stated differently, one
might wonder whether the sharp turn on of the CC
mechanism at redshift zCC should be taken literally. We
do not intend this to be the case, but rather suggest viewing
Eq. (9) as a phenomenological late-time parametrization,
with zCC denoting the epoch after which the scalingM ∝ ak

provides an adequate description of the mass growth. This
distinction can be particularly important for PBHs, if these
objects are cosmologically coupled. If the same mass
scaling were extrapolated back to arbitrarily early times,
the growth factor ðð1þ ziÞ=ð1þ zÞÞk would be enormous
given the extremely high formation redshifts zi associated
with PBHs, and likely phenomenologically problematic.
For instance, such a population of PBHs would dominate
the energy density well before the epochs relevant for
cosmic acceleration, and would be subject to extremely
stringent early-Universe constraints, for instance big bang
nucleosynthesis, the cosmic microwave background, and
structure formation. This problem has already been stressed
in Ref. [89], where early-forming primordial CCBHs were
argued to be observationally viable only if the CC mecha-
nism turns on sufficiently late. In this work, we therefore
treat zCC as the epoch after which the simple scaling given in
Eq. (9) is a valid late-time description, rather than a first-
principles prediction. The CC mechanism may well be

CALZÀ, PEDROTTI, RINALDI, and VAGNOZZI PHYS. REV. D 114, 084014 (2026)

084014-4



active for z ≫ zCC, but would require a drastically different
scaling in order to be phenomenologically acceptable: a
complete treatment of the early-time behavior of the CC
mechanism would therefore require a dedicated model,
which goes beyond the simple Ansatz of Eq. (9), and lies
well beyond the scope of this work. We stress that our
parametrization, while deliberately phenomenological, is
tailored to the late Universe and current observational
signatures, and has been adopted in several other works
[63,73], making it easier to place our analysis in the context
of existing literature.

III. EVAPORATING COSMOLOGICALLY
COUPLED BLACK HOLES

As anticipated earlier, treating CCBHs as purely classical
objects cannot be the end of the story. With this in mind, we
now combine the two ingredients discussed above, i.e.,
Hawking radiation and cosmological coupling, to study the
evolution of evaporating CCBHs.

A. Mass evolution

We recall that for an ordinary (noncosmologically
coupled) BH, the mass loss due to Hawking evaporation
is governed by the rate given in Eq. (6), whereas the mass
gain for a nonevaporating CCBH is governed by the rate
given in Eq. (10), with both rates being manifestly time
dependent. The question then becomes how to combine the
two ingredients. The main obstacle in this direction is the
absence of a fully dynamical metric describing an evapo-
rating CCBH. With this in mind, the natural zeroth
order step is to adopt a quasiadiabatic approximation.
Specifically, we assume that the total rate of change in the
BH mass is given by the sum of the HR [Eq. (6)] and CC
[Eq. (10)] contributions, leading to the following mass
evolution equation:

dMðtÞ
dt

¼ ΓHR½MðtÞ� þ ΓCC½MðtÞ; t�; ð13Þ

where we have explicitly spelled out the time dependence of
the mass entering the two rates. We note that ΓHR carries an
implicit dependence on time through the instantaneous BH
mass, whereas ΓCC carries an explicit time dependence
through its dependence on the cosmological background
expansion rate HðtÞ. The above Eq. (13) should be under-
stood as a phenomenological Ansatz, itself relying on three
logically distinct assumptions. The first is of course the
quasiadiabatic approximation, whose regime of validity we
discuss in much more detail later. The second is an
“instantaneous Schwarzschild approximation,” i.e., the
assumption that the BH evolves through instantaneous
Schwarzschild (as opposed to different space-times) con-
figurations with time-dependent masses MðtÞ. Therefore,
all relevant quantities such as the BH horizon radius, surface
gravity, Hawking temperature, Bekenstein-Hawking

entropy, and GBFs, are assumed to retain the same func-
tional form as their standard Schwarzschild counterparts,
subject only to the replacement M → MðtÞ.3 The third
assumption is the additivity of the HR and CC rates, itself a
reasonable approximation in the absence of a fully dynami-
cal metric describing an evaporating CCBH.
We now distinguish three relevant times during the

cosmic history. The first is the formation time tform, i.e., the
time at which the CCBH forms. For primordial CCBHs,
formation takes place extremely early, typically shortly
after inflation, so effectively tform → 0. The second is the
“CC activation time” tCC already introduced in Eq. (9), i.e.,
the time at which our CC parametrization becomes active.
Finally, conforming to standard cosmological notation, we
denote by t0 the present time. In our later study of
evaporation constraints on primordial CCBHs, the hier-
archy tCC ≫ tform holds, whereas within the mass range of
interest early mass loss from HR turns out to be negligible:
under these conditions, we can therefore safely set
tform → 0, while keeping the notation tform when useful
for clarity. At the three relevant times tform, tCC, and
t0, we denote the instantaneous CCBH mass by
Mform ¼ MðtformÞ, MCC ¼ MðtCCÞ, and M0 ¼ Mðt0Þ. We
can now write the mass evolution equation explicitly in the
two regimes prior to and after CC activation. For t < tCC,
we have ΓCC ¼ 0, so that Eq. (13) reduces to the following:

dMðtÞ
dt

¼ −
CHR
M2ðtÞ ; ð14Þ

whereas for t > tCC the mass evolution equation is given
by the following:

dMðtÞ
dt

¼ −
CHR
M2ðtÞ þ kHðtÞMðtÞ: ð15Þ

Once initial conditions for MðtformÞ or MðtCCÞ are set,
Eq. (13), or equivalently its piecewise form given by
Eqs. (14) and (15), can be solved to determine the CCBH
mass at any time, including its present-day mass M0.
If the solution reachesMðtÞ ¼ 0 at some finite time t ¼ tev,
we identify tev as the CCBH evaporation time.
Correspondingly, the CCBH lifetime is then given by

3Within the same instantaneous Schwarzschild approximation,
we can also assign to the evaporating CCBH the standard
Bekenstein-Hawking entropy evaluated at the instantaneous
mass, i.e., SBHðtÞ ¼ 4πM2ðtÞ. The HR and CC terms then give
competing effects for what concerns the evolution of SBH, with
HR decreasing it, and the CC mechanism increasing it. However,
we believe it would be premature to interpret this in terms of a
generalized entropy formula. The latter requires specifying the
microphysical sector responsible for the CC mechanism, which
we remain agnostic about within our deliberately phenomeno-
logical treatment thereof: we therefore defer a complete first and
second law analysis of evaporating CCBHs to future work.
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tev − tform, which reduces to ≈tev for primordial CCBHs.
We note that in this regime M0 is not defined.4

To solve Eq. (13) once initial conditions are assigned, the
background expansion historyHðtÞ entering Eq. (15) needs
to be specified. In practice we start with a prescribed HðzÞ,
numerically invert the standard FLRW time-redshift rela-
tion [Eq. (11)] to obtain zðtÞ, and use this to obtain
HðtÞ ¼ HðzðtÞÞ. In what follows, we assume a spatially
flat ΛCDM background, whose expansion rate is given by
the following:

HðzÞ ≃H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωmð1þ zÞ3 þ ð1 − ΩmÞ

q
; ð16Þ

where we take the present-day matter density parameter to
be Ωm ¼ 0.315, close to the best-fit Planck ΛCDM
cosmology [229]. We note that the approximation in
Eq. (16) is valid exclusively at late times (z ≪ 1000),
when the radiation component can be neglected, and
therefore the present-day density parameter for the cosmo-
logical constant is ΩΛ ≈ 1 −Ωm. This approximation is
appropriate for our study, since we are assuming that the
CC mechanism switches on at late times, zCC ≲ 3.
Three comments are now in order. First, we stress that,

while we have adopted this choice of HðzÞ for simplicity,
any expansion history can be inserted into Eq. (13), with the
corresponding tðzÞ relation computed and inverted numeri-
cally. Next, although in Sec. II B we noted that a CCBH
population with coupling k is associated to an effective
equation of state w ¼ −k=3, here we are not assuming that
the CCBHs are the main source of the background expan-
sion (whose rate would have to depend on k), but rather treat
HðzÞ as an externally specified cosmological background.
For the purposes of our phenomenological study, this is a
suitable approximation, especially considering that the
background expansion rate given by Eq. (16) is overall
in good agreement with a host of precision cosmological
data, in spite of two major elephants in the room, i.e., the
Hubble tension [230–244] and the recent DESI hints for
dynamical DE [245–261]. While there is also some dis-
agreement regarding the value of Ωm [262–271], we note
that the specific value thereof does not play a major role in
our results. Finally, for the specific matter plus cosmological
constant background given in Eq. (16), useful closed-form
analytical expressions for tðzÞ, zðtÞ, and MðtÞ are available.
We have chosen not to show these expressions in the main

text as they are of limited practical use, and especially do not
generalize straightforwardly to expansion histories which
deviate from the chosen one; nevertheless, these expressions
are useful as an analytical check of our numerical imple-
mentation, and may be of interest in their own right, so we
provide them in the Appendix.
Before moving on, a few considerations on our quasia-

diabatic approximation and its validity regime are in order.
This approximation does not require a hierarchy between
ΓHR and ΓCC. Rather, the relevant hierarchy involves the
BH dynamical timescale tdyn, and the typical timescale over
which the BH mass changes, which we denote by tM.
Temporarily restoring c andG, the BH dynamical timescale
can be estimated as follows:

tdyn ≈
2GM
c3

: ð17Þ

This is of order the light-crossing timescale, and is the
characteristic time over which the near-horizon geometry
can “adjust” to changes in the BH parameters. Concerning
the mass evolution timescale, a sensible estimate for this
quantity is instead the inverse of the logarithmic rate of
mass change, i.e., the following:

tMðtÞ≡
����
�
d ln MðtÞ

dt

�
−1
���� ¼

����MðtÞ
dMðtÞ
dt

����
¼
���� MðtÞ
ΓHR½MðtÞ� þ ΓCC½MðtÞ; t�

����: ð18Þ

Clearly, both tdyn and tM are time-dependent quantities,
with the time dependence inherited through the time
dependence of MðtÞ. The condition under which our
quasiadiabatic approximation is valid is then the following:

tdynðtÞ ≪ tMðtÞ: ð19Þ

If the above condition is met, the evaporating CCBH can
effectively be pictured as evolving through a sequence of
configurations which are, instant by instant, quasistatic.
Stated differently, Eq. (19) sets the requirement that the
change in BH mass is negligible during one BH dynamical
time. Under this condition, the geometry evolves slowly
enough that we can treat the BH, instant by instant, as a
quasistatic Schwarzschild BH with mass MðtÞ, which
justifies the use of the instantaneous Hawking rate for
Schwarzschild BHs. We stress that Eq. (19) does not require
a hierarchy between ΓHR and ΓCC. Our quasiadiabatic
approximation therefore also applies in regimes where
the two are potentially comparable, provided that under
their combined effects, the BH mass changes slowly
compared to tdyn. For the range of parameters considered
in our study, i.e., 1014 g≲Mform ≲ 1018 g, Eq. (19) is
safely satisfied throughout most of the evolution, since

4Throughout this work we adopt the standard semiclassical
description of Hawking evaporation. However, this description is
expected to be at best incomplete after the Page time, when the
backreaction due to the emitted radiation becomes non-negligible
and may slow down the evaporation process, requiring additional
ingredients for a complete description. Awell-studied example in
this sense is the memory burden effect (see e.g. Refs. [219–228]).
Accounting for such effects would require going beyond the
semiclassical approximation, and is well beyond the scope of this
work.
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tdyn ≪ 10−20 s, enormously smaller than both the typical
CC and HR timescales. Of course, it is expected to fail close
to the endpoint of evaporation, when tMðtÞ → 0 as t → tev.
Nevertheless, we know that the semiclassical approximation
is bound to break down in the final stages of the evaporation
process (see also footnote 3). Therefore, the failure of the
quasiadiabatic condition close to the endpoint of evapora-
tion is not a limitation of our treatment, but coincides with
the regime where our semiclassical HR description is no
longer expected to be reliable.
For what concerns departures from the instantaneous

Schwarzschild approximation, we expect these to be
controlled (and suppressed) mostly by two small param-
eters. The first is the ratio tdynðtÞ=tMðtÞ, i.e., the same
parameter which controls the validity of the quasiadiabatic
approximation in Eq. (19). The second is instead
HðtÞtdynðtÞ ∼HðtÞrhðtÞ=c, i.e., the ratio of the BH horizon
to the Hubble scale. Again, for the range of parameters
considered in this work, both quantities are extremely
small, except close to the endpoint of evaporation, where
the semiclassical description of HR is expected to break
down in any case, as stressed earlier. We thus expect
corrections to the instantaneous Schwarzschild approxima-
tion to be small in the regime of interest.
In closing, we note that the same quasiadiabatic logic is

actually already implicitly present in the standard treatment
of HR, e.g., in Eq. (6), which essentially computes the
instantaneous mass loss rate on a stationary Schwarzschild
background. The motivation for adopting this approxima-
tion is actually similar to ours: there is no known exact,
realistic dynamical metric for four-dimensional evaporating
BHs which is a solution to the semiclassical Einstein
equations and takes into account the backreaction of HR
on the underlying space-time (see, e.g., Ref. [272]).5 Our
treatment in Eq. (13) simply extends this approximation by
including the additional contribution from the CC mecha-
nism. In a similar vein, we note that the same quasiadiabatic
approximation is implicitly adopted in several other BH-
related contexts, e.g., BH superradiance, where the back-
reaction of the superradiant cloud on the BH geometry is
often neglected, and the BH is treated instant by instant as
being a quasistatic Kerr BH with mass and angular
momentum determined by the superradiant evolution (see
for instance Refs. [274–283]). All these considerations
justify the use of the quasiadiabatic approximation, and
in particular of Eq. (13), in the present work.

B. Constraints on the abundance of primordial
cosmologically coupled black holes

We now briefly outline the methodology utilized to set
constraints on the abundance of primordial CCBHs, from

the absence of their evaporation products. We follow the
same methodology adopted by some of us to set evapo-
ration constraints on (noncosmologically coupled) primor-
dial regular BHs in Refs. [284–286], and encourage the
reader to consult these works for further technical details.
We begin by computing the primary photon spectrum

emitted by an evaporating CCBH whose instantaneous
mass isM, i.e., the number of photons emitted per unit time
per unit energy Eγ:

ΦγðEγ;MÞ ¼ 1

π

X
l

ð2lþ 1ÞΓs¼1
l ðEγ;MÞ

eEγ=THðMÞ − 1
; ð20Þ

where THðMÞ ¼ 1=8πM is the Hawking temperature, Γs¼1
l

are the GBFs for spin-1 perturbations propagating on a
Schwarzschild background, and the sum runs over the
angular momentum quantum number l. Since we are
implicitly considering a spherically symmetric background
(as the impact of rotation on the CCmechanism remains yet
to be studied), modes of different azimuthal quantum
number m at fixed l are degenerate. This explains the
appearance of the ð2lþ 1Þ factor in the numerator of
Eq. (20). We compute the GBFs using the publicly
available GrayHawk code [287,288], developed by one of
us. It is important to note that the spectrum in Eq. (20) is
time dependent, as it inherits the time dependence ofMðzÞ,
due to HR and CC, in both the GBFs and temperature. Let
us recall that, for Schwarzschild BHs, the GBFs are
universal functions of the (dimensionless in appropriate
units) combination EγM [289]. Therefore, asMðtÞ evolves,
a given value of Eγ effectively “samples” a different region
of the GBF, and therefore a different transmission proba-
bility. However, the functional form of the GBFs as a
function of EγM remains unchanged (so, loosely speaking,
the GBFs do not “evolve”).
We now consider a monochromatic population of pri-

mordial CCBHs, whose present-day comoving number
density is nðt0Þ. We compute the present-day intensity of
photons emitted by the evaporation of these CCBHs across
cosmic time, i.e., the rate per unit time per unit area per unit
solid angle of photons with present-day energy Eγ0, as
follows:

IðEγ0Þ ¼
c
4π

nðt0ÞEγ0

×
Z

z⋆

0

dz
HðzÞΦγ½ð1þ zÞEγ0;MðzÞ�; ð21Þ

where HðzÞ is the background expansion rate given by
Eq. (16), and z⋆ is the redshift of recombination. Following
the methodology adopted in Refs. [284–286] (as well as in
several other works, including the seminal Ref. [290]) we
set upper limits on nðt0Þ, which is the only unknown
parameter in Eq. (21), using measurements of the extra-
galactic γ-ray background (EGRB) from HEAO-1,

5Some progress on the problem of backreaction has been
recently achieved for acoustic analogs of BHs [273].
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COMPTEL, and EGRET in the 0.1≲ Eγ=MeV≲ 100

range [291–293]. The upper limit on nðt0Þ is the one for
which the theoretically predicted intensity [Eq. (21)] first
overshoots one of the measured EGRB datapoints. We then
report constraints on the present-day CCBH density
parameter Ωccbh ¼ nðt0ÞMðt0Þ. Unlike PBH-related works,
we choose not to report constraints on fpbh, the fraction of
the DM in the form of PBHs, for two reasons. First, our
primordial CCBHs are not necessarily a DM component,
especially in light of our earlier discussions on the relation
between k and their effective equation of state. Next, these
objects could in principle contribute to both the DM and
DE component, so fpbh as usually computed would not be
restricted to the range fpbh < 1, limiting the utility of this
quantity. On the other hand, in a spatially flat FLRW
universe the present-day CCBH density parameter is only
subject to the restriction Ωccbh < 1 −Ωb ≈ 0.95, given that
the baryonic component contributes Ωb ≈ 0.05 to the total
energy budget. An important caveat is that, for sufficiently
large values ofΩccbh approaching the theoretical upper limit
of 1 −Ωb, our approximation of treating HðzÞ as an
externally specified cosmological background independ-
ently of the value of kmay not be entirely appropriate. This
approximation is acceptable for the purposes of this part of
our work, which does not aim to construct a fully self-
consistent cosmological model of CCBHs, but rather to
provide a first phenomenological estimate of evaporation
constraints on the abundance of these objects, while leaving
a complete self-consistent treatment to future work.6

IV. RESULTS AND DISCUSSION

Let us first develop some useful intuition for the
dynamics of the system governed by Eq. (13), which
reduces to Eq. (15) for t > tCC. Considering only k > 0,
the two effects clearly compete against one another: HR
acts to decrease the BH mass, whereas the CC mechanism
works to increase it. It is tempting to wonder whether there
exists a “balance mass” for which the two effects balance
each other out, leaving one with a BH whose mass is
constant in time. In fact, the answer is negative, the reason
being that the CC rate ΓCC explicitly depends on the
expansion rate H, which evolves in time. It follows that a
global, time-independent balance mass does not exist.
Nevertheless, at any given time t̃, we can define an

instantaneous balance mass M⋆ðt̃Þ by imposing

Ṁðt̃ÞjM⋆
¼ 0, with the dot indicating a time derivative.

Using Eq. (15), we find that M⋆ðtÞ is given by the
following:

M⋆ðtÞ ¼
�

CHR
kHðtÞ

�
1=3

; ð22Þ

which is valid for k > 0. At any given instant t̃, Eq. (22)
separates an HR-dominated evolution [Mðt̃Þ < M⋆ðt̃Þ]
from a CC-dominated evolution [Mðt̃Þ > M⋆ðt̃Þ].
However, it is important to note that this is not a real
equilibrium. Because HðtÞ is evolving, so too does M⋆ðtÞ
change with time. Therefore, a value of the BH mass which
satisfies the instantaneous equilibrium condition at a given
instant, will in general not satisfy this condition at earlier or
later times. In the dynamical systems language, M⋆ðtÞ
should therefore be understood as a moving nullcline,
rather than a fixed point.7

In addition to being time dependent, the instantaneous
balance configuration associated with M⋆ðtÞ is also unsta-
ble. To see why, let us calculate ð∂ṀðM; tÞ=∂MÞM⋆

, where
ṀðM; tÞ is the right-hand side of Eq. (15). Positive values
of ð∂ṀðM; tÞ=∂MÞjM⋆

would imply that small departures
from M⋆ are driven away from the instantaneous equilib-
rium point, and vice versa for negative values. Using
Eqs. (15) and (22) we find the following (suppressing
the time dependence of M and H):

�
∂Ṁ
∂M

�����
M¼M⋆

¼ ∂

∂M

�
−
CHR
M2

þ kHM

�����
M¼M⋆

¼
�
2CHR
M3

þ kH

�����
M¼M⋆

¼ 3kH; ð23Þ

which is always positive for k > 0 and an expanding
Universe. This implies that the instantaneous balance
configuration defined by M⋆ðtÞ is unstable. Therefore,
the ultimate outcome of the system must necessarily be
either HR dominated or CC dominated, and no stable
equilibrium configuration is possible. In the former case,
the system evolves to MðtÞ → 0 for t → tev, whereas in the
latter case it evolves to MðtÞ → ∞ for t → ∞. In principle,
considering the asymptotic de Sitter future of our back-
ground cosmology, with H∞ ¼ ffiffiffiffiffiffiffiffiffi

Λ=3
p

, there exists a
critical separatrix trajectory such that M → M⋆;∞ ¼
ðCHR=kH∞Þ1=3 for t → ∞, but it can be shown that this
is unstable and highly fine-tuned, and therefore not of
physical interest.6We refer the reader to Refs. [284,285] for further discussions

on a number of approximations and assumptions implicitly
adopted in our analysis, their regime of validity, and why they
are appropriate within the context of our work. These approx-
imations include treating the distribution of CCBHs as being
isotropic, considering only the primary photon spectrum, assum-
ing a monochromatic mass distribution of CCBHs (see, e.g.,
Refs. [294–308]), as well as the methodology adopted for setting
upper limits on nðt0Þ from EGRB observations.

7We stress that only in the pure de Sitter case, where
the universe is dominated by a cosmological constant Λ and
the expansion rate H ¼ ffiffiffiffiffiffiffiffiffi

Λ=3
p

is a constant, does M⋆ ¼
ð3C2HR=k2ΛÞ1=6 truly become a constant, fixed point. For the
ΛCDM universe assumed here, this is the case only in the
asymptotic future.
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We now solve the mass evolution equation Eq. (13) for a
benchmark configuration of interest. Specifically, we first
consider a BH with initial mass Mform ¼ 4.5 × 1014 g; in
the standard picture where the CC mechanism is absent, the
lifetime of such a BHwould be approximately the age of the
Universe t0, so the BH would be going through the final
stages of Hawking evaporation right now. This pure HR
evolution is the situation described by the red dotted
curve in Fig. 1, which indeed reaches M → 0 as
t → tev ¼ t0 ≈ 13.8 Gyr. For concreteness and purely rep-
resentative purposes, we then consider a CC activation
redshift of zCC ¼ 0.2, corresponding to an activation time of
tCC ≈ 11.5 Gyr, and a coupling strength k ¼ 1.7. By this
time, a pure HR evolution has reduced the BH mass to
MCC ≈ 2.5 × 1014 g < Mform. We then choose to “normal-
ize” the other curves in Fig. 1 to this value, in the sense that
all three curves go through the same value ofM at tCC. With
this choice, the blue dashed curve corresponds to a pure CC-
driven evolution, where HR is neglected (which is why the
mass is constant for t < tCC). Finally, the green solid curve
corresponds to the case of interest to our work, i.e.,
evolution under the combined effects of HR and CC for
a BH with with initial mass Mform ¼ 4.5 × 1014 g, which

would evaporate today in the absence of CC. For t < tCC,
being the CC mechanism not yet active, the red and green
curves overlap by construction, since the evolution is driven
only by HR. For t > tCC the CC mechanism starts com-
peting against HR, and significantly slows down the mass
loss; this is sufficient to prevent the BH from having fully
evaporated at the present time (whereas, had the CC
mechanism been absent, the BH would be reaching the
endpoint of evaporation now), when its mass is M0 ≈MCC.
For the specific configuration chosen, the ultimate outcome
is still a HR-dominated one, but the BH lifetime increases
by ≈30%, reaching tev ≈ 18.0 Gyr. While we have consid-
ered a specific benchmark, this simple example illustrates
two important features:
(1) Even a rather late activation of the CC mechanism

(here occurring at zCC ¼ 0.2) can drastically alter the
fate of BHs which are otherwise extremely close to
their evaporation threshold.

(2) Even when the ultimate outcome of the system is not
CC dominated, the BH lifetime can still be signifi-
cantly increased by the CC mechanism.

As we shall see later, these features can have important
phenomenological consequences.

FIG. 1. Illustrative mass evolution of evaporating and/or cosmologically coupled BHs for three benchmark scenarios of interest, all of
which are normalized to have the same value of mass at the time the CC mechanism activates, MCC ¼ MðtCCÞ, with the activation
redshift being zCC ¼ 0.2. The two vertical gray dashed lines indicate the time at which the CC mechanism activates (leftmost line,
tCC ≈ 11.5 Gyr) and the present time (rightmost line, t0 ≈ 13.8 Gyr). The red dotted curve corresponds to a pure Hawking evaporation
evolution of a BH whose mass at formation is Mform ¼ 4.5 × 1014 g; by zCC, Hawking evaporation has reduced the BH mass to
MCC ≃ 2.5 × 1014 g, and the BH evaporates at t0. The blue dashed curve instead corresponds to a pure CC evolution of a BH whose
mass at formation is Mform ≃ 2.5 × 1014 g, where the coupling strength is k ¼ 1.7. Finally, the green solid curve shows the mass
evolution of an evaporating cosmologically coupled BH, with the same formation mass as the red curve and the same CC parameters as
the blue curve. For t < tCC, the red and green curves overlap by construction. In this example the CC mechanism slows down the final
stages of evaporation and prevents the BH from evaporating at t0, prolonging its lifetime by ≈30% to tev ≈ 18.0 Gyr.
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We now focus on the physical case described by the
green curve, i.e., an evaporating CCBH with initial mass
Mform ¼ 4.5 × 1014 g. We generalize the example shown in
Fig. 1 by scanning over the two parameters controlling the
CC mechanism, i.e., the coupling strength 0 ≤ k ≤ 3 and
the activation redshift 0 ≤ zCC ≤ 3, showing the present-
day massM0 in the contour plot of Fig. 2. In a sense, Fig. 2
can therefore be viewed as the extension of the green curve
of Fig. 1 to the whole zCC-k plane. The bottom left corner
corresponds to the case with no CC, where the BH would
be evaporating exactly today, i.e.,M0 ¼ 0. In the rest of the
plot, the BH lifetime necessarily increases as discussed
earlier, soM0 > 0. We see that, for sufficiently large k and/
or zCC, i.e., moving sufficiently up and/or to the right in
Fig. 2, the residual mass can be very large, up to M0 ∼
Oð1016Þ g or larger. The fact that the residual massM0 can
be larger thanMform is not a problem, as this corresponds to
cases where the present-day evolution is CC dominated.
The black curve in Fig. 2 corresponds to the locus

where the present-day time derivative of the mass

vanishes, i.e., Ṁðt0Þ ¼ 0. In other words, this curve is
the image in the zCC-k plane of the present-day instanta-
neous nullcline defined by Eq. (22), i.e., Mðt0Þ ¼
M⋆ðt0Þ ¼ ðCHR=kH0Þ1=3. Points below this curve corre-
spond to BHs whose present-day evolution is HR domi-
nated [Ṁðt0Þ < 0], whereas points above it correspond to
BHs whose present-day evolution is CC dominated
[Ṁðt0Þ > 0]. We stress that this curve does not correspond
to the separatrix between asymptotically HR-dominated
and CC-dominated trajectories, as it only captures the
present-day sign of Ṁ. Stated differently, a BH may lie
above the black curve and hence be CC dominated today,
but may still eventually enter the HR-dominated branch
and evaporate at a finite future time. We find that the black
curve is very well approximated by the hyperbola
kðzCCÞ ≃ 0.17þ ð3zCCÞ−1. Finally, the contour lines in
Fig. 2 connect points in the zCC-k plane which lead to the
same present-day residual mass M0.
Finally, in Fig. 3 we show upper limits on the present-

day (primordial) CCBH density parameter Ωccbh, as a

FIG. 2. Contour plot showing the present-day residual mass M0 ¼ Mðt0Þ of an evaporating cosmologically coupled BH whose
formation mass is Mform ¼ 4.5 × 1014 g, as a function of the CC activation redshift zCC (horizontal axis) and coupling strength k
(vertical axis). For this specific benchmark mass, an uncoupled BH would be evaporating at the present time; for this reason in the
bottom-left corner, which corresponds to the uncoupled limit, the residual mass isM0 ¼ 0. Moving upward and/or to the right increases
the effect of the CC mechanism, leading to larger residual masses today. The thick black curve corresponds to the locus where the
present-day time derivative of the mass vanishes, i.e., the image in the zCC-k plane of the present-day instantaneous nullcline defined by
Eq. (22), Mðt0Þ ¼ M⋆ðt0Þ ¼ ðCHR=kH0Þ1=3. For points below this curve the present-day evolution is Hawking radiation dominated
(Ṁðt0Þ < 0), whereas for points above it the present-day evolution is CC dominated (Ṁðt0Þ > 0). This curve is well approximated by the
hyperbola kðzCCÞ ≃ 0.17þ ð3zCCÞ−1, and we stress that it should not be confused with the true separatrix between asymptotically
Hawking radiation-dominated and CC-dominated trajectories. The contour lines connect points in the zCC-k plane with the same value of
the present-day residual mass M0.
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function of both the primordial CCBH formation mass
Mform (lower horizontal axis) and present-day mass M0

(upper horizontal axis), the latter computed for the specific
k ¼ 3 and zCC ¼ 3 evaporating CCBH benchmark. The
blue solid curve corresponds to the standard case where
only HR is present, and is the baseline against which we
compare the effects of the CC mechanism. For simplicity,
we consider three evaporating CCBH benchmarks, char-
acterized by the following values of the CC parameters:
k ¼ 3 and zCC ¼ 1 (red dotted curve), k ¼ 1 and zCC ¼ 3
(green dashed curve), and k ¼ 3 and zCC ¼ 3 (magenta
dash-dotted curve). The gray dashed horizontal line with
downward-pointing arrows marks Ωccbh ¼ 0.2, and is
intended as a conservative visual guide marking the region
(above the line) where the fixed background approximation
should be interpreted with more caution. Below the line,
such an approximation is instead considerably safer. We
stress that this value is not meant to define a sharp validity
threshold, but is just intended as a conservative and
approximate visual guide. For substantially larger abun-
dances, the fixedHðzÞ approximation should be interpreted
with increasing caution. As expected from the previous
discussion, turning on the CC mechanism necessarily
weakens the evaporation constraints. In other words, at

fixed Mform, the allowed abundance of CCBHs is larger
relative to the uncoupled case. The reason is that the CC
mechanism keeps the CCBH far from the (runaway)
endpoint of the evaporation regime for a longer time,
thereby reducing the intensity of the photons emitted
during the evaporation. We stress that this intensity, and
therefore the EGRB signal, is sensitive to the entire mass
history MðzÞ entering Eq. (21), rather than just the
formation mass or the present-day mass.
A few points concerning the above limits and their

physical interpretation are worthy of further discussion.
We first note that, in the usual studies of PBH evaporation
constraints, for most of the parameter space considered here
one typically neglects the difference betweenMform andM0,
and treats the evaporating PBHs as being quasistatic over
the age of the Universe, at a single mass Mpbh. In other
words, in the integral of Eq. (21) one typically sets
MðzÞ ¼ Mpbh ≃Mform ≃M0. This is a good approximation
because Hawking evaporation is a runaway process, where
most of the BH mass is lost in the very final instants of
evaporation. For Mpbh ≳ 1015 g, an uncoupled evaporating
BH has a lifetime of tev ∼ 10t0, and reaches t0 with
M0 ≳ 0.95Mform. This approximation is of course not

FIG. 3. Upper limits on Ωccbh, the present-day CCBH density parameter, as a function of the CCBH formation massMform. The limits
are derived for different evaporating CCBH benchmarks: k ¼ 3 and zCC ¼ 1 (red dotted curve), k ¼ 1 and zCC ¼ 3 (green dashed
curve), and k ¼ 3 and zCC ¼ 3 (magenta dash-dotted curve). Note that the blue solid curve corresponds to the standard case where only
Hawking radiation is at play, which is recovered in the limit where k ¼ 0 and zCC ¼ 0. The upper horizontal axis shows the present-day
CCBHmassM0, computed for the specific k ¼ 3 and zCC ¼ 3 evaporating CCBH benchmark, and is colored in magenta to reinforce the
connection to the magenta benchmark. This upper horizontal axis is plotted simply for representative purposes, and is useful for
assessing whether limits depending on the present-day mass of the CCBH population, such as microlensing limits, may also become
relevant. The gray dashed horizontal line with downward-pointing arrows corresponds to Ωccbh ¼ 0.2, and is intended as a conservative
visual guide marking the region (above the line) where the fixed background approximation should be interpreted with more caution:
below the line (gray arrows pointing downward), such an approximation is instead considerably safer.
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generally valid in the case of evaporating CCBHs, and in
Eq. (21) we thus track the full evolution ofMðzÞ throughout
the redshift integral. For this reason, our limits should not be
interpreted as a simple “rescaling” of the usual PBH
evaporation limits, given that the CC mechanism can
significantly change the relation between the formation
mass Mform, the mass controlling the emission at a given
redshift MðzÞ, and the present-day mass M0.
This brings us to a related important point. It is important

to distinguish between evaporation limits, which are
sensitive to the entire CCBH emission history (and there-
fore its entire mass evolution throughout cosmic time), and
other limits depending primarily on the PBH mass at late
times, such as microlensing limits, which essentially
depend on M0. If the CC mechanism is sufficiently strong,
i.e., if k and/or zCC are sufficiently large, an evaporating
CCBH with Mform in the range usually associated with
evaporation constraints may have a present-day mass M0

for which microlensing constraints become relevant. In
other words, the same CCBH population, or even the same
point in ðMform; k; zCCÞ parameter space, may in principle
be simultaneously subject to evaporation limits because of
its emission history and microlensing limits because of its
present-day mass; whether this is the case can be checked
from the upper horizontal axis in Fig. 3 (which, we stress,
should be recomputed for each CCBH benchmark, as it
explicitly depends on both k and zCC). For the same reason,
the point on the lower horizontal axis where the evaporation
limit on Ωccbh reaches the present-day DM density param-
eter Ωdm should not be interpreted as the lower edge of the
asteroid mass window. The usual notion of an asteroid mass
window is defined for standard PBHs behaving as a
pressureless DM component, for which different con-
straints can be mapped onto a single mass parameter
Mpbh. This one-to-one mapping no longer holds for
CCBHs, so limits which normally apply to different regions
of Mpbh parameter space, such as evaporation vs micro-
lensing limits, may now simultaneously apply to a given
CCBH population, even if this is monochromatic. A
complete investigation of nonevaporation constraints on
the full CCBH parameter space requires a dedicated study
which is beyond the scope of this paper, and is therefore left
to future work.

V. CONCLUSIONS

Recent observational and theoretical advances have led
to CCBHs receiving tremendous interest, as these objects
may play a role in addressing both the singularity and
cosmic acceleration problems, while leading to a host of
other unique observational signatures [59,60,62–109].
However, all existing studies on CCBHs treat these as
purely classical objects, neglecting HR. Evaporation can
have a significant impact on the evolution of CCBHs, as it
acts to decrease the CCBH mass, thereby competing with
the CC mechanism, which instead acts to increase the

CCBH mass. Our goal in this work has therefore been to
take a first step toward studying evaporating CCBHs and
their phenomenology. We have argued that the problem is
most naturally tackled within a quasiadiabatic approxima-
tion. Specifically, we evolve the CCBH mass under the
combined effects of CC (via the usual power-law mass
growth Ansatz) and HR, with the instantaneous evaporation
rate taken to be the standard Hawking one evaluated at the
corresponding value of the evolving CCBH mass. The
validity of this approximation does not require a hierarchy
between the CC and HR rates, but rather that the mass
evolution be slow compared to the typical CCBH dynami-
cal timescale, in which case the CCBH can be treated as
evolving through a sequence of quasistatic configurations.
We have shown that the competition between HR and

CC cannot lead to a stable balance configuration: the
system is instead characterized by a time-dependent
instantaneous balance mass, which defines an unstable
configuration. The asymptotic outcome of the evolution of
evaporating CCBHs is therefore either CC dominated or
HR dominated. In the former case, the CCBH mass is ever
increasing as time goes on. In the latter case, the CCBH
ultimately evaporates at a finite time, but its lifetime is
increased, relative to the uncoupled case, by the CC
mechanism. In this case we have shown that even a CC
mechanism of modest strength, or activating at rather late
times, can significantly extend the BH lifetime; for in-
stance, the lifetime of a primordial BH whose mass at
formation is M ¼ 4.5 × 1014 g, and which ordinarily
would be evaporating at the present time [211–215], can
increase by 30% for a coupling strength of k ¼ 1.7 and a
very late CC activation at redshift zCC ¼ 0.2 (see Fig. 1).
Finally, we have computed limits on the abundance of
primordial, evaporating CCBHs (see Fig. 3); these are
weaker relative to their uncoupled counterparts, since the
CC mechanism keeps the BH far from the (runway)
endpoint of the evaporation regime for a longer time,
reducing the intensity of the emitted photons. Finally, we
have argued that the interpretation of evaporation limits can
be significantly more subtle than in the uncoupled case,
given that the formation mass and present-day mass no
longer coincide (unlike in the uncoupled case, where they
approximately coincide, at least for Mpbh ≳ 1015 g). As a
result of this, an evaporating CCBH population subject to
evaporation limits because of its emission history may
simultaneously be subject to other constraints, such as
microlensing ones, if the CC mechanism is sufficiently
strong and hence the present-day mass sufficiently large.
We also recall that the interested reader can find a number
of useful analytical expressions, including a closed-form
analytical solution for the mass evolution of evaporating
CCBHs, in the Appendix.
We stress that our work should be viewed as a first

exploration of evaporating CCBHs, whose phenomenol-
ogy, as already shown by our results, is rather rich. Several
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open questions and interesting directions for future research
remain, some of which we mention here. Firstly, we were
forced to adopt our quasiadiabatic approximation given the
lack of a fully dynamical space-time describing an evapo-
rating cosmologically coupled BH. Theoretical studies in
this direction are thus very much in need, even in the
simpler uncoupled case, where one typically resorts to
phenomenological Ansätze for the mass growth, rather than
studying a first-principles CCBH metric. At the same time,
much more work is required to clarify the role and impact
of spin on the CC mechanism, including the question of
whether spin itself is cosmologically coupled; the answers
to these questions are at present completely unknown, but
can play a key role in the study of evaporating CCBHs,
given the significant impact of spin on the evaporation of
uncoupled BHs. Concerning primordial CCBHs, while we
have only studied evaporation limits thereon, an important
next step would be to systematically revisit other sources of
limits usually studied for Schwarzschild PBHs, such as
microlensing, accretion, and dynamical limits [211–215].
Because of the CC mechanism, more than one of these
limits may apply at the same time for a given formation
mass, depending on the values of k and/or zCC, so the
question of what is the most efficient way of presenting
these limits becomes a very relevant one. Moreover, in
determining the expansion historyHðzÞwe have essentially
adopted a “test population” approximation, where the
CCBHs are not the main source of the expansion. When
Ωccbh approaches 1 −Ωb this approximation clearly ceases
to be valid; in this case, the expansion history should self-
consistently account for the CC mechanism, and would
depend on k. Finally, it might be worth exploring effects
which are potentially relevant in the latest stages of the
evaporation of CCBHs, such as the memory burden effect
[219–228], as this can have a significant impact on the
results presented here. We leave these and related interest-
ing research directions to future work.
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APPENDIX: ANALYTICAL EXPRESSIONS

Here we show that, within the flat ΛCDM background
assumed in this work, the mass evolution equation for
evaporating CCBHs after the CC mechanism activates
[Eq. (15)] admits a closed-form analytical solution. The
starting point is the cosmic time-redshift relation given by
Eq. (11). Within the late-time approximation to the expan-
sion rate given by Eq. (16), where the radiation component
is neglected, the integral admits a well-known analytical
solution, given by the following:

tðzÞ ¼ ϖ−1arcsinh

2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −Ωm

Ωm

s
ð1þ zÞ−3

2

3
5; ðA1Þ

where the ð1 −ΩmÞ factor appears since the cosmological
constant density parameter is ΩΛ ≈ ð1 −ΩmÞ within the
approximation where radiation is neglected, and the quan-
tity ϖ is defined as follows:

ϖ ≡ 3

2
H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −Ωm

p
: ðA2Þ

To solve the mass evolution equation, Eq. (15), we invert
Eq. (A1) and obtain the following:

zðtÞ ¼
�
1 −Ωm

Ωm

�1
3

sinh−
2
3 ðϖtÞ − 1: ðA3Þ

Recalling that the Hubble rate is defined as H ≡ ȧ=a, with
the dot denoting time derivatives, we note that Eq. (A3) can
be used to obtain the Hubble rate as a function of time as
follows:

HðtÞ ¼ −
ż

1þ z
¼ 2

3
ϖ coth ðϖtÞ

¼ H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Ωm

p
coth ðϖtÞ: ðA4Þ

The negative sign in the first equality accounts for the fact
that, as time progresses, z decreases, so that HðtÞ is a
positive quantity.
We now solve Eq. (15) setting boundary conditions at the

CC activation time, i.e., MðtCCÞ ¼ MCC. The equation can
be cast into a simple form using the substitution YðtÞ≡
M3ðtÞ and multiplying by 3M2, from which the following
linear equation for YðtÞ is obtained:

dY
dt

− 3kHðtÞY ¼ −3CHR: ðA5Þ

Using the standard integration factor method, and the fact
that a ¼ ð1þ zÞ−1, Eq. (A5) can be solved to obtain the
following:
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YðtÞ ¼
�
1þ zCC
1þ zðtÞ

�
3k
�
M3

CC − 3CHR

Z
t

tCC

dt0
�

aðt0Þ
aðtCCÞ

�
−3k

�
;

ðA6Þ

from which we can directly read off the solution for MðtÞ:

MðtÞ ¼
�
1þ zCC
1þ zðtÞ

�
k
�
M3

CC −
3CHR

ð1þ zCCÞ3k
IkðtÞ

�1
3

; ðA7Þ

with the integral IkðtÞ defined as follows:

IkðtÞ≡
Z

t

tCC

dt0½1þ zðt0Þ�3k: ðA8Þ

Using Eq. (A3), this integral can be expressed analytically
as follows:

IkðtÞ ¼
�
1 −Ωm

Ωm

�
k ςkðtÞ − ςkðtCCÞ

ϖ
; ðA9Þ

where the function ςkðtÞ is defined as follows:

ςkðtÞ ¼
sinh1−2k ðϖtÞ

1 − 2k 2F1

�
1

2
;
1

2
− k;

3

2
− k;− sinh2 ðϖtÞ

�
;

ðA10Þ

and 2F1 is the hypergeometric function. We have checked
that the analytical solution given by Eq. (A7) is in excellent
agreement with our numerical solution. We also note that,

in the integrals appearing in Eqs. (A6) and (A8), we have
fixed the lower limits of integration to tCC. This essentially
fixes the integration constants which would otherwise
appear in the general indefinite integral solution, and
guarantees that the boundary condition YðtCCÞ ¼ M3

CC is
automatically satisfied.
As a further sanity check, we have also verified that we

can recover the well-known pure-CC and pure-HR solu-
tions for MðtÞ in the appropriate limits of Eq. (A7). In the
pure-CC case, we set CHR ¼ 0 in Eq. (A7), from which we
immediately obtain the following:

MðtÞ ¼ MCC

�
1þ zCC
1þ zðtÞ

�
k
; ðA11Þ

which matches the CC mass growth Ansatz adopted in this
work [Eq. (9)]. On the other hand, the pure-HR case is
obtained setting k ¼ 0 in Eq. (A7). In this case, the I
integral trivially reduces to I0ðtÞ ¼ t − tCC which, once
inserted into Eq. (A7), gives the following:

MðtÞ ¼ ½M3
CC − 3CHRðt − tCCÞ�13; ðA12Þ

which matches the pure-HR solution [Eq. (7)]. We stress
that the analytical solution given in Eq. (A7) is valid only
for the late-time approximation to the spatially flat ΛCDM
expansion rate adopted throughout our work, and does not
easily generalize to other cosmologies. Nevertheless, we
have chosen to report it as it may be of interest in its
own right.
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[109] S.-H. Zhou, T.-N. Li, G.-H. Du, Y.-M. Zhang, Z.-Y. Li, J.-

F. Zhang, and X. Zhang, arXiv:2607.03183.
[110] J. Bardeen, in Proceedings, 5th International Conference

on Gravitation and the Theory of Relativity (House of
Tbilisi University, Tbilisi, 1968), p. 174.

[111] S. A. Hayward, Phys. Rev. Lett. 96, 031103 (2006).
[112] E. Ayon-Beato and A. Garcia, Phys. Rev. Lett. 80, 5056

(1998).
[113] E. Ayon-Beato and A. Garcia, Phys. Lett. B 464, 25

(1999).
[114] D. A. Easson, J. High Energy Phys. 02 (2003) 037.
[115] K. A. Bronnikov and J. C. Fabris, Phys. Rev. Lett. 96,

251101 (2006).
[116] W. Berej, J. Matyjasek, D. Tryniecki, and M. Woronowicz,

Gen. Relativ. Gravit. 38, 885 (2006).
[117] K. A. Bronnikov, R. A. Konoplya, and A. Zhidenko, Phys.

Rev. D 86, 024028 (2012).
[118] M. Rinaldi, Phys. Rev. D 86, 084048 (2012).

[119] H. Culetu, arXiv:1305.5964.
[120] L. Balart and E. C. Vagenas, Phys. Rev. D 90, 124045

(2014).
[121] H. Culetu, Int. J. Theor. Phys. 54, 2855 (2015).
[122] S. G. Ghosh, Eur. Phys. J. C 75, 532 (2015).
[123] Z. Stuchlík and J. Schee, Int. J. Mod. Phys. D 24, 1550020

(2014).
[124] J. Schee and Z. Stuchlik, J. Cosmol. Astropart. Phys. 06

(2015) 048.
[125] T. Johannsen, Phys. Rev. D 88, 044002 (2013).
[126] I. Dymnikova and M. Khlopov, Int. J. Mod. Phys. D 24,

1545002 (2015).
[127] R. Myrzakulov, L. Sebastiani, S. Vagnozzi, and S. Zerbini,

Classical Quantum Gravity 33, 125005 (2016).
[128] Z.-Y. Fan and X. Wang, Phys. Rev. D 94, 124027 (2016).
[129] L. Sebastiani, S. Vagnozzi, and R. Myrzakulov, Adv. High

Energy Phys. 2017, 3156915 (2017).
[130] B. Toshmatov, Z. Stuchlík, and B. Ahmedov, Phys. Rev. D

95, 084037 (2017).
[131] S. Chinaglia and S. Zerbini, Gen. Relativ. Gravit. 49, 75

(2017).
[132] V. P. Frolov, EPJ Web Conf. 168, 01001 (2018).
[133] J. A. d. F. Pacheco, Universe 4, 62 (2018).
[134] A. Simpson and M. Visser, Universe 6, 8 (2019).
[135] M. Bertipagani, M. Rinaldi, L. Sebastiani, and S. Zerbini,

Phys. Dark Universe 33, 100853 (2021).
[136] G. G. L. Nashed and E. N. Saridakis, J. Cosmol. Astropart.

Phys. 05 (2022) 017.
[137] A. Simpson and M. Visser, J. Cosmol. Astropart. Phys. 03

(2022) 011.
[138] E. Franzin, S. Liberati, J. Mazza, R. Dey, and S.

Chakraborty, Phys. Rev. D 105, 124051 (2022).
[139] L. Chataignier, A. Y. Kamenshchik, A. Tronconi, and G.

Venturi, Phys. Rev. D 107, 023508 (2023).
[140] R. Ghosh, M. Rahman, and A. K. Mishra, Eur. Phys. J. C

83, 91 (2023).
[141] J. Lewandowski, Y. Ma, J. Yang, and C. Zhang, Phys. Rev.

Lett. 130, 101501 (2023).
[142] J. A. de Freitas Pacheco, E. Kiritsis, M. Lucca, and J. Silk,

Phys. Rev. D 107, 123525 (2023).
[143] K. Boshkayev, A. Idrissov, O. Luongo, and M. Muccino,

Phys. Rev. D 108, 044063 (2023).
[144] O. Luongo, S. Mancini, and P. Pierosara, Phys. Rev. D 108,

104059 (2023).
[145] O. Luongo and H. Quevedo, Classical Quantum Gravity

41, 125011 (2024).
[146] R. Giambò and O. Luongo, Classical Quantum Gravity 41,

125005 (2024).
[147] A. Bonanno, D. Malafarina, and A. Panassiti, Phys. Rev.

Lett. 132, 031401 (2024).
[148] O. Luongo, H. Quevedo, and S. N. Sajadi, Gen. Relativ.

Gravit. 56, 17 (2024).
[149] S. N. Sajadi, M. Khodadi, O. Luongo, and H. Quevedo,

Phys. Dark Universe 45, 101525 (2024).
[150] F. Javed, S. Mumtaz, G. Mustafa, F. Atamurotov, and S. G.

Ghosh, Chin. J. Phys. (Taipei) 88, 55 (2024).
[151] A. Ditta, T. Xia, R. Ali, G. Mustafa, G. Mustafa, and A.

Mahmood, Phys. Dark Universe 43, 101418 (2024).
[152] A. Övgün, R. C. Pantig, and A. Rincón, Ann. Phys.

(Amsterdam) 463, 169625 (2024).
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CALZÀ, PEDROTTI, RINALDI, and VAGNOZZI PHYS. REV. D 114, 084014 (2026)

084014-18

https://doi.org/10.1093/mnras/stae1098
https://doi.org/10.1093/mnras/stae1098
https://doi.org/10.1103/PhysRevD.111.063543
https://doi.org/10.1103/PhysRevD.111.063543
https://doi.org/10.1016/j.dark.2025.102034
https://doi.org/10.1016/j.dark.2025.102034
https://doi.org/10.1103/PhysRevD.111.063036
https://doi.org/10.1103/jnzl-2k57
https://arXiv.org/abs/2503.21740
https://doi.org/10.1103/cgbp-2hdy
https://doi.org/10.1088/1475-7516/2025/11/006
https://doi.org/10.1088/1475-7516/2025/11/006
https://arXiv.org/abs/2607.03560
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1038/s41550-019-0902-0
https://doi.org/10.1038/s41550-019-0902-0
https://doi.org/10.1016/j.astropartphys.2021.102605
https://doi.org/10.1016/j.astropartphys.2021.102605
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1016/j.newar.2022.101659
https://doi.org/10.1016/j.newar.2022.101659
https://doi.org/10.1007/s00159-021-00137-4
https://doi.org/10.1007/s00159-021-00137-4
https://doi.org/10.1016/j.jheap.2022.04.002
https://doi.org/10.1016/j.jheap.2022.04.002
https://doi.org/10.3390/universe8080399
https://doi.org/10.3390/universe9020094
https://doi.org/10.3390/universe9090393
https://doi.org/10.1146/annurev-astro-052622-033813
https://doi.org/10.1146/annurev-astro-052622-033813
https://doi.org/10.1016/j.dark.2025.101965
https://doi.org/10.1088/1674-4527/ae842f
https://doi.org/10.1088/1674-4527/ae842f
https://arXiv.org/abs/2607.13282
https://arXiv.org/abs/2607.13283
https://doi.org/10.1088/1674-4527/ae842d
https://doi.org/10.1088/1674-4527/ae842d
https://doi.org/10.1088/1475-7516/2024/12/007
https://doi.org/10.1088/1475-7516/2024/12/007
https://doi.org/10.1016/j.jheap.2025.100428
https://doi.org/10.1016/j.jheap.2025.100428
https://doi.org/10.1103/PhysRevD.111.023512
https://doi.org/10.1103/PhysRevD.111.023512
https://doi.org/10.1088/1475-7516/2024/10/035
https://doi.org/10.1103/PhysRevD.110.123519
https://doi.org/10.3847/2041-8213/ad8c26
https://doi.org/10.3847/2041-8213/ad8c26
https://doi.org/10.1016/j.dark.2025.101906
https://doi.org/10.1016/j.dark.2025.101906
https://doi.org/10.1103/tr6y-kpc6
https://doi.org/10.1103/tr6y-kpc6
https://doi.org/10.1016/j.dark.2026.102268
https://doi.org/10.1038/s41550-025-02669-6
https://doi.org/10.1038/s41550-025-02669-6
https://doi.org/10.1038/s41550-025-02698-1
https://doi.org/10.3847/2041-8213/ade1cc
https://doi.org/10.3847/2041-8213/ae58a8
https://doi.org/10.3847/1538-4357/ae0458
https://doi.org/10.3847/2041-8213/ae1a64
https://doi.org/10.3847/2041-8213/ae1a64
https://doi.org/10.1016/j.dark.2026.102254
https://doi.org/10.1016/j.dark.2025.102196
https://doi.org/10.1088/1674-4527/ae8429
https://doi.org/10.1016/j.newar.2026.101759
https://doi.org/10.1016/j.newar.2026.101759
https://doi.org/10.1103/PhysRevD.108.083519
https://doi.org/10.3390/universe10080305
https://doi.org/10.1103/PhysRevD.111.023506
https://doi.org/10.1093/mnrasl/slaf042
https://doi.org/10.1093/mnrasl/slaf042
https://doi.org/10.1103/613p-pph2
https://doi.org/10.1103/613p-pph2
https://doi.org/10.1140/epjc/s10052-026-15541-2
https://doi.org/10.1093/mnras/staf1890
https://doi.org/10.1103/r6cx-8ghz
https://doi.org/10.1103/r6cx-8ghz
https://doi.org/10.1088/1475-7516/2026/08/072
https://doi.org/10.1088/1475-7516/2026/09/023
https://doi.org/10.1088/1475-7516/2026/09/023
https://doi.org/10.3390/universe10090372
https://doi.org/10.1103/9m8k-ml6s
https://doi.org/10.1103/9m8k-ml6s
https://doi.org/10.1088/0264-9381/32/13/134001
https://doi.org/10.1088/0264-9381/32/13/134001
https://doi.org/10.1007/978-3-319-19000-6
https://doi.org/10.1007/978-3-319-19000-6
https://doi.org/10.1016/j.physletb.2020.135284
https://doi.org/10.1016/j.physletb.2020.135284
https://doi.org/10.1103/PhysRevD.101.124051
https://doi.org/10.1103/PhysRevD.101.124051
https://doi.org/10.1103/PhysRevD.103.064051
https://doi.org/10.1103/PhysRevD.105.083002
https://doi.org/10.1103/PhysRevD.105.083002
https://doi.org/10.1103/PhysRevD.106.043021
https://doi.org/10.1103/PhysRevD.106.043021
https://doi.org/10.1103/PhysRevD.106.084047
https://doi.org/10.1103/PhysRevD.106.084047
https://doi.org/10.1103/PhysRevLett.130.111401
https://doi.org/10.1103/PhysRevLett.130.111401
https://doi.org/10.1103/PhysRevD.107.084052
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