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Primordial regular black holes as all the dark matter.

I. Time-radial-symmetric metrics

Marco Calzà,1, 2, ∗ Davide Pedrotti,1, 2, † and Sunny Vagnozzi1, 2, ‡

1Department of Physics, University of Trento, Via Sommarive 14, 38123 Povo (TN), Italy§
2Trento Institute for Fundamental Physics and Applications (TIFPA)-INFN, Via Sommarive 14, 38123 Povo (TN), Italy

(Dated: December 9, 2024)

Primordial black holes (PBHs) are usually assumed to be described by the Schwarzschild or Kerr
metrics, which however feature unwelcome singularities. We study the possibility that PBHs are
non-singular objects, considering three phenomenological, regular tr (time-radial)-symmetric space-
times (including the well-known Bardeen and Hayward ones), featuring either de Sitter or Minkowski
cores. We characterize the evaporation of these PBHs and constrain their abundance from γ-ray
observations. For all three metrics we find that constraints on fpbh, the fraction of dark matter (DM)
in the form of PBHs, weaken with respect to the Schwarzschild limits, because of modifications
to the PBH temperature and greybody factors. This moves the lower edge of the asteroid mass
window down by potentially an order of magnitude or more, leading to a much larger region of
parameter space where PBHs can make up all the DM. A companion paper is devoted to non-tr -
symmetric metrics, including loop quantum gravity-inspired ones. Our work provides a proof-of-
principle for the interface between the DM and singularity problems being a promising arena with
a rich phenomenology.

I. INTRODUCTION

The Standard Model of particle physics (SM) and Gen-
eral Relativity (GR) have proven to be extremely suc-
cessful at describing a huge range of terrestrial, astro-
physical, and cosmological observations. However, their
successes are limited by a number of shortcomings, po-
tentially (especially in the case of SM) pointing towards
the need for new physics which may better describe
the matter and gravity sectors. On the more observa-
tional/phenomenological side, the SM lacks a candidate
for the dark matter (DM) which accounts for ≃ 25% of
the energy budget of the Universe [1, 2]. On the more
theoretical side, continuous gravitational collapse in GR
leads to the pathological appearance of curvature sin-
gularities [3, 4]. The nature of DM and the singular-
ity problem are arguably two among the most important
open questions in theoretical physics.
The solution to the DM problem could reside in the

physics of some of the most peculiar objects in the Uni-
verse: black holes (BHs). It has long been realized that
primordial BHs (PBHs), hypothetical relics from the pri-
mordial Universe formed from the collapse of large den-
sity perturbations upon horizon re-entry, are indeed ex-
cellent DM candidates [5–104] (see e.g. Refs. [105–114]
for reviews): in fact, PBHs are the only viable DM can-
didate which does not invoke new particles surviving to
the present day. Once believed to merely be objects of
mathematical speculation, observational effects associ-
ated to BHs are now routinely detected [115], turning
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these objects into extraordinary probes of fundamental
physics [116–166]. As a result, the possibility of PBHs ac-
counting for the entire DM budget is severely constrained
by a wide range of considerations and constraints. The
only (not entirely undebated) remaining open window of
parameter space where PBHs could make up all the DM
is the so-called “asteroid mass window”, roughly for PBH
masses 1017 g ≲ Mpbh ≲ 1023 g [167–182]: lighter PBHs
would have evaporated fast enough to either have disap-
peared by now or overproduced γ-rays in the MeV range,
whereas heavier PBHs would have been detected through
the microlensing of background stars.

Almost all works on PBHs assume that these are
Schwarzschild or Kerr BHs [105–114]. All constraints
and considerations on DM potentially being in the form
of PBHs are therefore subject to this underlying assump-
tion. The existence of the asteroid mass window, and the
extension thereof, is of course no exception. The assump-
tion in question is not at all unreasonable at least from
the phenomenological point of view, given that there are
at present no signs of tension between astrophysical ob-
servations and the Kerr-Newman family of metrics, and
more generally the no-hair theorem. Nevertheless, from
the theoretical point of view such an assumption might
stir some unease, given the appearance of singularities in
the Schwarzschild and Kerr metrics. The above consid-
erations naturally lead to the following question: “what
if PBHs are non-singular”? The present work is a pi-
lot study whose goal is to explore this question, which
naturally merges the DM and singularity problems.

We entertain the possibility that PBHs are “regular”,
i.e. free of curvature singularities [183–187], and there-
fore that DM may be in the form of primordial regular
BHs (PRBHs). For concreteness, we consider so-called tr

(time-radial)-symmetric metrics, for which the product
of the coefficients for the dt2 and dr2 components of the
line element in four-dimensional Boyer–Lindquist coordi-
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nates is equal to −1, and the function which multiplies
the angular part of the line element is r2, i.e. r is the areal
radius. More specifically, we focus on the following three
regular, static spherically symmetric space-times, all of
which are characterized by an additional regularizing pa-
rameter ℓ and recover the Schwarzschild space-time in
the ℓ → 0 limit: Bardeen BHs [188], Hayward BHs [189],
and Culetu-Ghosh-Simpson-Visser BHs [190–193]. These
three space-times present a rich phenomenology, includ-
ing either de Sitter or Minkowski cores. We focus our
attention on observational constraints from PRBH evap-
oration, which set the lower edge of the asteroid mass
window, discussing in detail how the evaporation pro-
cess is modified with respect to that for Schwarzschild
PBHs. We show that, as a result, the phenomenology of
PRBHs can be quite different from that of Schwarzschild
PBHs, with a larger range of masses where PRBHs could
make up the entire DM component, opening up the as-
teroid mass window by up to an extra decade in mass.
Keeping in mind that the metrics in question are phe-
nomenological in nature, our results demonstrate that a
common solution to the DM and singularity problems in
the form of PRBHs is one which is worth taking seriously,
and warrants further investigation, and more generally
the interface of these two problems provides a promising
arena. We stress that our work should not be intended
as a comprehensive analysis of PRBHs, but rather as a
pilot study, pointing towards a direction which has thus
far received little attention and indicating promising di-
rections for further work.

The rest of this paper is then organized as follows.
In Sec. II we briefly introduce the regular space-times
studied in the rest of the work. Various aspects of our
methodology are discussed in Sec. III, with Sec. III A de-
voted to the calculation of the so-called greybody factors,
Sec. III B to the computation of photon spectra resulting
from Hawking evaporation, and Sec. III C to the com-
parison against observations. The resulting limits on the
fraction of DM which may be in the form of primordial
regular BHs are then critically discussed in Sec. IV. Fi-
nally, in Sec. V we draw concluding remarks. A number
of more technical aspects concerning the greybody factors
computation are discussed in Appendix A, whereas the
time evolution of the primordial regular BHs we consider
is studied in Appendix B. Unless otherwise specified, we
adopt units where G = c = ℏ = 1. In closing, we note
that a related study is being presented in a companion
paper [194]: this focuses on non-tr -symmetric metrics,
which also include loop quantum gravity-inspired met-
rics, but at the same time complicate the study of the
evaporation process. We recommend that the interested
reader go through the present work prior to consulting
our companion paper [194].

II. REGULAR BLACK HOLES

It is well known, thanks to the Penrose-Hawking sin-
gularity theorems, that continuous gravitational collapse
in GR sourced by matter contents satisfying reasonable
energy conditions leads to the appearance of singulari-
ties [3, 4]. These are regions of space-time where cur-
vature invariants, i.e. sets of independent scalars con-
structed from the Riemann tensor and the metric, diverge
(with the archetypal example being the central singular-
ity in the Kerr-Newman family of metrics). These sin-
gularities are arguably unsatisfactory as they lead to a
potential breakdown in predictivity (see Refs. [195–197]
for a different viewpoint). For this reason, they are often-
times regarded as a manifestation of our lack of knowl-
edge of (new) physics in the high-energy/high-curvature
regime. A widespread belief is that quantum gravity ef-
fects on these scales would ultimately cure the singularity
problem (and potentially lead to observable effects), al-
though this is more of a hope supported only by a few
first-principles studies [198–212].
Even in the absence of a widely agreed upon theory of

quantum gravity, one can still hope to make progress in
understanding and taming singularities, while also poten-
tially gaining intuition about the possible features of such
a theory, through a more phenomenological approach.
Under the assumption that a metric description main-
tains its validity, one can introduce metrics which are
free of singularities in the entire space-time, and describe
so-called regular BHs (RBHs) [213]. It is often (albeit
not necessarily always) the case that RBH metrics are
controlled by an extra parameter, which in what follows
we shall refer to as regularizing parameter (and denote
by ℓ), typically recovering the Schwarzschild metric (for
non-rotating RBHs) in the limit ℓ → 0. Several RBH
metrics have been studied over the past decades, see e.g.
Refs. [214–264] for an inevitably incomplete selection of
examples, as well as Refs. [183–187] for recent reviews on
the subject. 1 While most of these metrics have been in-
troduced on purely phenomenological grounds it is known
that possible sources for several RBH metrics lie in the-
ories of non-linear electrodynamics [268–272].
As alluded to earlier, our interest in this work is to

explore the possibility that primordial RBHs may play
the role of DM. As a proof-of-principle in this sense we
will establish constraints on fpbh, the fraction of DM
in the form of PRBHs, focusing on the asteroid mass
window, whose extent we will show can be further ex-
tended. To the best of our knowledge, we are aware of
seven works in this little explored direction [273–279].
Ref. [274] studied primordial BHs with de Sitter interi-
ors as DM candidates, but considering the case where the
DM is actually constituted of remnants from the evap-
oration process. Ref. [275] studied the thermodynamics

1 Another interesting possibility are gravastars, which are not
RBHs in a strict sense [265–267].
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of primordial regular BHs, focusing however on the case
where they do not evaporate, and therefore did not study
constraints on fpbh. Ref. [276] studied the evaporation
of a loop quantum gravity-inspired BH, and weakened
constraints on fpbh were reported in a later proceed-
ing [277] (which however does not appear to be widely
known)., Ref. [278] studied signatures of primordial BHs
with magnetic charge, which could be (as is often but
necessarily the case) regular. Finally, Refs. [273, 279] en-
tertained the case where the evaporation times of primor-
dial regular BHs are significantly longer than the stan-
dard Schwarzschild case, and did not therefore explicitly
compute the evaporation constraints we instead study
here. The aim of this pilot study and our companion pa-
per [194] is instead to provide a more comprehensive in-
vestigation of primordial regular BHs, considering a more
diverse set of metrics and investigating constraints on
fpbh in detail.
In our work, we shall consider three different non-

rotating RBH metrics, as discussed in more detail in the
following subsections. The static, spherically symmet-
ric space-times we investigate are a subset of the Petrov
type-D class of metrics. In four-dimensional Boyer-
Lindquist coordinates, their line elements take the fol-
lowing general form:

ds2 = −f(r)dt2 + g(r)−1dr2 + h(r)dΩ2 , (1)

where dΩ2 = dθ2 + sin2(θ)dϕ2 is the metric on the 2-
sphere. We also require our space-times to be asymptot-
ically flat, which amounts to the following requirements:

f(r)
r→∞−−−→ 1 , g(r)

r→∞−−−→ 1 , h(r)
r→∞−−−→ r2 . (2)

In addition, as stated earlier, we require our space-times
to be tr -symmetric (the non-tr -symmetric case is covered
in a companion paper [194]), which imposes the following
additional conditions:

f(r) = g(r) , h(r) = r2 , (3)

implying that the coordinate r is effectively the areal
radius. With the conditions given by Eqs. (2,3) imposed
upon Eq. (1), our most general line element therefore
takes the following form:

ds2 = −f(r)dt2 + f(r)−1dr2 + r2
[

dθ2 + sin2(θ)dϕ2
]

.(4)

In what follows, we refer to the function f(r) as being
the “metric function”. The three different RBH solu-
tions we consider, which we will discuss very shortly in
Sections IIA– IIC, are characterized by different func-
tional forms of f(r).
An important parameter characterizing the behaviour

of BHs is their temperature T . This is particularly crucial
when evaluating evaporation constraints on PBHs, given
that the temperature controls the strength of the emit-
ted radiation, which in turn can be directly constrained
by various observations. We treat the temperature of
the RBHs as being the usual Gibbons-Hawking one, i.e.

the one evaluated by Wick rotating the metric in the
standard way and imposing regularity in the Euclidean
period [280]. The cyclic imaginary time → temperature
identification is legitimate if one can formally identify the
Euclidean action e−S with the Boltzmann factor e−βH in
the partition function, as usually done in finite temper-
ature quantum field theory: in turn, this can be done
if one is assuming the standard Boltzmann-Gibbs distri-
bution, but may not be the consistent if other entropies
are assumed (see e.g. the recent discussion in Ref. [281]).
Since, as we will reiterate later, the RBHs we study are
introduced on phenomenological grounds and we remain
agnostic as to their theoretical origin (which may in prin-
ciple be rooted within alternative entropic frameworks),
in what follows we assume the Boltzmann-Gibbs distri-
bution, so that the temperature of the RBHs in question
is the standard Gibbons-Hawking one, and is given by
the following:

T =
κ

2π
=

f ′(r)

4π
|rH , (5)

where the prime indicates a derivative with respect to r,
and κ is the BH surface gravity, given by the following:

κ =
f ′(r)

2
|rH . (6)

In Eqs. (5,6), rH is the horizon radius, which is the solu-
tion to the following equation:

g−1(rH) = f(rH) = 0 , (7)

with the first equality following from the choice of fo-
cusing on tr -symmetric space-times. In the case of
Schwarzschild BHs, where the metric function is f(r) =
1− 2M/r, one recovers the well-known expressions rH =
2M and TSch = 1/8πM . However, in more general space-
times the horizon radius in Eq. (7) is not guaranteed
to have a closed form expression, and the same there-
fore holds for the temperature in Eq. (5). In Fig. 1 we
show the evolution of the temperatures (normalized to
the temperature of Schwarzschild BHs, TSch = 1/8πM)
of the three regular space-times we will introduce shortly,
as a function of the regularizing parameter ℓ (itself nor-
malized to the event horizon radius rH). As the Figure
clearly shows, for all three space-times the temperature
is a monotonically decreasing function of ℓ. 2 We also see

2 This is actually not unrelated to the fact that most RBHs, and
more generally hairy BH solutions, feature shadows whose size
decreases relative to the size of the Schwarzschild BH shadow,
i.e. 3

√

3M , see Ref. [282] for further more detailed discussions
(see also Refs. [283–289]). In fact, the equations governing BH
temperature and shadow size bear some resemblance, so it is not
unreasonable that an increase/decrease in one could lead to an
increase/decrease in the other. However, general thermodynami-
cal considerations lead to expect that well-behaved RBHs should
decrease their temperature as they approach the extremal value
of the regularizing parameter. We defer a study of RBHs which
increase their temperature to a follow-up paper. In passing, we
also note that Kerr BHs display an enhanced primary photon
emission spectrum as the spin parameter is raised [290–292].
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FIG. 1. Evolution of the temperatures (normalized to the
temperature of Schwarzschild black holes, TSch = 1/8πM)
as a function of the regularizing parameter ℓ (normalized to
the event horizon radius rH) for the three regular black holes
studied in this work: the Bardeen (blue solid curve, Sec. II A),
Hayward (red dashed curve, Sec. II B), and Culetu-Ghosh-
Simpson-Visser (green dotted curve, Sec. II C) regular space-
times. In all cases the temperature is a monotonically de-
creasing function of ℓ. Note that the range of allowed values
of ℓ/rH is different for the three regular black holes.

that the temperatures of these BHs approach zero in the
extremal limit. As has been observed earlier, in this limit
the usual constraints on fpbh vanish, since these BHs do
not evaporate [275].

A final caveat is in order before discussing the RBH
metrics we consider. The latter are all regular in the
sense of having finite curvature invariants R ≡ gµνRµν ,
RµνR

µν , and K ≡ RµνρσR
µνρσ. However, a more strin-

gent criterion for regularity is that of geodesic complete-
ness, which does not necessarily imply finiteness of cur-
vature invariants and viceversa. We recall that a space-
time is geodesically complete if any geodesic thereon can
be extended to arbitrary values of their affine param-
eter. In other words, all geodesics extend (or can be
extended) for all times. A number of “popular” RBHs
have indeed been shown to have finite curvature invari-
ants but to be geodesically incomplete [293]. This in-
cludes the well-known Hayward RBH, which is among
the ones we shall consider here. Nevertheless, given the
significant interest in this metric, the fact that it is widely
taken as prototype for RBHs, and our phenomenological
goal of going beyond Schwarzschild PBHs, we will take
this space-time into consideration, while cautioning the
reader about the above issues, and therefore that the
Hayward metric (but more generally all the metrics we
will study) should be considered nothing more than phe-
nomenological toy models at this stage. Note, in addi-
tion, that the stability of RBHs featuring inner horizons
is currently a matter of debate in the literature [294–298].

A. Bardeen black hole

The Bardeen BH is easily one of the best known RBHs,
and one of the first ones to ever have been proposed [188].
It is characterized by the following metric function: 3

fB(r) = 1− 2Mr2

(r2 + ℓ2)3/2
, (8)

where, in terms of the BH mass M , the regularizing pa-
rameter satisfies ℓ ≤

√

16/27M ∼ 0.77M in order for
the metric to describe a BH and not a horizonless object.
Note that the Schwarzschild metric function is recovered
in the ℓ → 0 limit. A perhaps physically more moti-
vated choice is to express quantities in units of the hori-
zon radius rH , defined as the largest root of the equation
f(rH) = 0, in which case the regularizing parameter is
subject to the constraint ℓ ≲ 0.70 rH (which is the point
at which T = 0 in Fig. 1). In order to obtain this limit we
have computed the solution to f(rH) = 0 fixing M = 1,
in order to extrapolate rH(ℓ), before analyzing for which
real values of the parameter n the equation ℓ = nrH(ℓ)
admits solutions. We note that the peculiar factor of
√

16/27 in the extremality condition appears when one
demands that the cubic equation determining the hori-
zon(s) location(s) of the Bardeen RBH, fB(r) = 0, ad-
mits one real non-zero root: with some algebraic ma-
nipulation, one sees that this condition amounts to the
requirement that

√
27ℓ8M4 − 16ℓ6M6 is real, from which

the requirement ℓ ≤
√

16/27M follows.
It is worth noting that the Bardeen BH possesses a

de Sitter (dS) core which replaces the central singular-
ity of the Schwarzschild BH. This is evident by noting
that, in the limit r → 0, the metric function goes as
fB(r) ∝ r2, exactly as expected for an asymptotically
dS space-time. Although originally introduced on phe-
nomenological grounds, it is now known that the Bardeen
RBH can emerge from a magnetic monopole source [299],
potentially within the context of a specific non-linear
electrodynamics theory [300]. Another possible origin for
the Bardeen RBH are quantum corrections to the uncer-
tainty principle [301]. Irrespective of its origin, and con-
sistently with the approach pursued for the other space-
times, we consider this solution as a model-agnostic phe-
nomenological toy model.

B. Hayward black hole

Another widely known regular space-time is the Hay-
ward RBH [189], characterized by the following metric

3 Note that in all the metrics considered, the parameter M ap-
pearing in the metric function can always be unambiguously
identified with the BH mass (either the Komar, ADM, Misner-
Sharp-Hernandez, or Brown-York mass). This is important as
the constraints we subsequently derive on fpbh as a function of
Mpbh will implicitly identify the latter with M .
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function:

fH(r) = 1− 2Mr2

r3 + 2Mℓ2
. (9)

If expressed in terms of BH mass M , the regularizing pa-
rameter for the Hayward BH is subject to the same limit
as that of the Bardeen BH, i.e. ℓ ≤

√

16/27 ,M . On the
other hand, if expressed in terms of the more physically
motivated horizon radius, the limit is instead ℓ ≲ 0.57 rH
(again this is the point where T = 0 in Fig. 1). We note
that the Schwarzschild metric function is recovered in the
ℓ → 0 limit. The factor of

√

16/27 in the extremality con-
dition originates from considerations similar to those we
made for the Bardeen RBH in Sec. II A: with some alge-
braic manipulation, one sees that this condition amounts
to the requirement that

√
27ℓ4M2 − 16ℓ2M4 is real, from

which the requirement ℓ ≤
√

16/27M follows.
Just as the Bardeen RBH possesses a dS core, so does

the Hayward RBH. Indeed, introducing a dS core charac-
terized by a (positive) cosmological constant Λ = 3/ℓ2 in
order to prevent the central singularity was precisely the
original justification for the Hayward BH which, just like
its Bardeen counterpart, was proposed on purely phe-
nomenological grounds. Nevertheless, potential theoret-
ical origins for the Hayward BH have been investigated,
and range from corrections to the equation of state of
matter at high density [302, 303], finite density and fi-
nite curvature proposals [304–306], theories of non-linear
electrodynamics [307, 308], and more generally as the
result of corrections due to quantum gravity [309, 310].
Just as with the Bardeen RBH, we shall here treat the
Hayward RBH as a model-agnostic phenomenological toy
model for a singularity-free space-time.

C. Culetu-Ghosh-Simpson-Visser black hole

The regular space-times considered so far featured dS
cores, which in itself is a very common feature of sev-
eral RBH metrics. Nevertheless, another interesting phe-
nomenological possibility consists in considering “hol-
low” RBHs wherein the central singularity is replaced
by an asymptotically Minkowski core, where the asso-
ciated energy density and pressure asymptote to zero.
This is quite unlike the case of the dS core where the en-
ergy density asymptotes to a finite value associated to a
positive cosmological constant, and the pressure asymp-
totes to an equal but opposite value. Possible theoreti-
cal/mathematical motivations for considering RBHs with
Minkowski cores include the fact that the vanishing en-
ergy density can significantly simplify the physics in the
deep core, whereas the otherwise messy solutions to poly-
nomial equations (which often cannot be written down
in closed form) can be traded for arguably more elegant
special functions, resulting in the space-time being more
tractable. Our physical motivation in considering this
class of BHs is instead to broaden the range of physical

properties and phenomenological implications of PRBHs,
going beyond the dS core RBHs studied thus far.
With this in mind, we consider a RBH featuring a

Minkowski core, independently studied by Culetu [190,
191], Ghosh [192], as well as Simpson and Visser [193].
Although such a RBH does not have any particular name
associated to it in the literature, here we refer to it as
CGSV BH (from the initials of the four authors above).
The space-time is characterized by the following metric
function:

fCGSV(r) = 1− 2M

r
exp

(

− ℓ

r

)

. (10)

The horizon radius rH , for which a closed form expression
is not available in the Bardeen and Hayward cases, here
is given by:

rH = − ℓ

W
(

− ℓ
2M

) , (11)

where W denotes the Lambert function. Considering the
principal branch W0, a real and positive horizon radius
is present for:

W0

(

− ℓ

2M

)

≤ 0 =⇒ 0 ≤ ℓ <
2M

e
, (12)

or, alternatively, 0 ≤ ℓ < rH . While the CGSV
BH was original introduced purely on phenomenologi-
cal/mathematical grounds, it was shown in Refs. [311,
312] that such a space-time can emerge within the con-
text of GR coupled to a specific non-linear electrody-
namics source. In this case, denoting by g the non-linear
electrodynamics coupling constant/charge, the regulariz-
ing parameter ℓ is given by ℓ = g2/2M , with M the BH
mass. Nevertheless, as with all the other RBHs consid-
ered, here we shall treat the CGSV RBH as a toy model
for a regular space-time possessing a Minkowski core.

III. METHODOLOGY

A. Greybody factors

A set of parameters playing a key role in describing
the Hawking radiation spectra emitted from evaporating
BHs are the so-called greybody factors (GBFs). These
are functions of energy/frequency and angular momen-
tum which govern the deviation of the emitted spectrum
from that of a blackbody [313–315]. Although the emit-
ted Hawking radiation at the horizon takes the blackbody
form, the potential barrier due to space-time geometry
will attenuate the radiation, so that an observer at spa-
tial infinity will measure a spectrum which differs from
that of a blackbody by a frequency-dependent function
Γ(ω). GBFs can be characterized by setting up a classical
scattering problem around the BH potential barrier, with
boundary conditions allowing for incoming wave packets
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from infinity or equivalently, due to the symmetries of the
scattering problem, originating from the horizon. The
scattering problem is governed by the so-called Teukol-
sky equation, which is a partial differential equation de-
scribing the propagation of perturbations of given spin
in the BH background [316].

For the static, spherically and tr -symmetric metrics
given by Eq. (4) which we consider, the Teukolsky equa-
tion in spherical coordinates is separable. A key role in
computing the GBFs is played by the radial Teukolsky
equation, which we now report in full generality for the
class of metrics in question. Using the Newman-Penrose
(NP) formalism, the Teukolsky equation governing the
evolution of (massless) perturbations of different spin can
be condensed into a single master equation [316]:

[

−r2

f
∂2
t + s

(

r2
f ′

f
− 2r

)

∂t

]

Υs

+
[

(s+ 1)(r2f ′ + 2rf)∂r
]

Υs

+

[

1

sin θ
∂θ(sin θ∂θ) +

2is cot θ

sin θ
∂ϕ

+
1

sin2 θ
∂2
ϕ − s− s2 cot2 θ

]

Υs

+
[

sr2f ′′ + 4srf ′ + 2sf
]

Υs = 0 . (13)

Here, Υs represents a general perturbation of spin s, de-
fined by the NP scalars relative to the respective pertur-
bation. To not make the notation too heavy, we drop
the l and m indices labelling the field mode, so Υs is un-
derstood to really mean Υlm

s . We note that Eq. (13) is
separable if one makes the following wave ansatz:

Υs =
∑

l,m

e−iωteimϕSl
s(θ)Rs(r) , (14)

where ω is the perturbation frequency, l is the angular
node number, and m is the azimuthal node number.
The functions Sl

s(θ) contribute to defining the so-
called spin-weighted spherical harmonics Ss

l,m(θ, ϕ) =
∑

Sl
s(θ)e

imϕ, satisfying the following equation [317–320]:
(

1

sin θ
∂θ(sin θ ∂θ) + csc2 θ ∂2

ϕ

+
2is cot θ

sin θ
∂ϕ + s− s2 cot2 θ + λs

l

)

Ss
l,m = 0 , (15)

where λs
l ≡ l(l+1)− s(s+1) is the separation constant.

For the spin 0 case, these functions reduces to the usual
spherical harmonics S0

l,m = Yl,m.
Analogously to the Schwarzschild and Kerr BH

cases [316], the decoupled radial Teukolsky equation
takes the following form [321, 322]:

1

∆s

(

∆s+1R′
s

)′

+

(

ω2r2

f
+ 2iωsr − isωr2f ′

f
+ s(∆′′ − 2)− λs

l

)

Rs = 0 ,

(16)

where ∆(r) ≡ r2f(r) and ′ ≡ ∂r. We set in purely ingo-
ing boundary conditions, so the asymptotic solutions of
Eq. (16) are given by:

Rs ∼ Rin
s

e−iωr⋆

r
+Rout

s

eiωr⋆

r2s+1
(r → ∞)

Rs ∼ Rhor
s ∆−se−iωr⋆ (r → rH) , (17)

where r⋆ is the tortoise coordinate defined by:

dr⋆

dr
=

1

f(r)
. (18)

We note that r⋆ → r for large values of r, given that the
metrics we consider are asymptotically flat.
In general, numerical integration methods are required

to compute GBFs for general space-times, and this holds
for our tr -symmetric RBHs as well. In our work, we make
use of the so-called shooting method (see Appendix A
for further details), which has already been successfully
applied to these types of calculations in several earlier
works [323–330].
To begin with, we rewrite Eq. (16) in terms of the

rescaled coordinate x, given by the following:

x ≡ r − rH
rH

, (19)

where rH is the largest real root of f(r) = 0. With this
substitution Eq. (16) is rewritten as follows:

x2(x+ 1)3fR̈s

+ (s+ 1)x(x+ 1)
(

2(x+ 1)f + (x+ 1)2ḟ
)

Ṙs

+ V (ω, x)Rs = 0 ,

(20)

where ˙≡ ∂x, and V (ω, x) is given by:

V (ω, x) =

(

ω2r2H(x+ 1)2

f
+ 2is(x+ 1)ω

− isrH(x+ 1)2
ḟ

f
ω + s

(

2f + 4(x+ 1)ḟ

+(x+ 1)2f̈ − 2
)

− l(l + 1) + s(s+ 1)

)

x(x+ 1) .

(21)

In order to further simplify the problem, we work in units
of horizon radius and therefore set rH = 1, so that r =
x + 1. In these units, the metric functions of the three
RBHs under consideration are given by the following:

fB(x) = 1− (1 + ℓ2)3/2(x+ 1)2

(ℓ2 + (x+ 1)2)
3
2

,

fH(x) = 1− (x+ 1)2

(1− ℓ2)
(

(x+ 1)3 − ℓ2

ℓ2−1

) ,

fCGSV(x) = 1− eℓ−
ℓ

x+1

x+ 1
,

(22)
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for the Bardeen, Hayward, and CGSV space-times re-
spectively.
Setting purely ingoing boundary in proximity of the

horizon, the solutions to Eq. (20) can be expressed in the
form of a Taylor expansion as follows [323, 324, 331–336]:

Rs(x) = x−s− iω

τ

∞
∑

n=0

anx
n , (23)

where iω/τ is a function of the field spin and the regular-
izing parameter, and also depends on the space-time in
question. We refer the reader to Appendix A for further
details. The an coefficients can be determined by sub-
stituting Eq. (23) in Eq. (20) and iteratively solving the
resulting algebraic equations. The near-horizon solution
is then used to set the boundary conditions and numeri-
cally integrate the radial equation up to large distances,
where the general form of the solution is the following:

R(x)
r→∞−−−→ Rin

s

e−iωx

x
+Rout

s

eiωx

x2s+1
. (24)

The GBFs can then be computed from the sR
lm
in (ω) co-

efficient. More specifically, the normalization of the scat-
tering problem is set by requiring a0 = 1. With this
normalization, the GBFs then read:

Γs
lm(ω) = δs|sRlm

in (ω)|−2 , (25)

where the coefficient δs is given by:

δs = τ
ieiπs(2ω)2s−1Γ

(

1− s− 2iω
τ

)

Γ
(

s− 2iω
τ

) , (26)

where Γ is the Γ function. Using the method discussed
above, we compute the GBFs for perturbations of differ-
ent spin on the backgrounds of the three regular metrics
discussed earlier, for different values of the regularizing
parameter ℓ. In the specific case s = 1, we have checked
that calculating the GBFs up to l = 4 is sufficient for
our purposes. The GBFs we calculate are then used to
characterize the Hawking evaporation spectra.
In Fig. 2 we show the Γs=1

l=1 GBFs for the Schwarzschild
BH and the three regular space-times we study. For illus-
trative purposes we have focused on the Γs=1

l=1 GBFs, since
we are interested in photons (s = 1) and the dominant
emission mode is the l = 1 one. We also note that, since
we are considering spherically symmetric space-times, the
(2l+1) different m modes are degenerate. We have fixed
the regularizing parameter to ℓ = 0.3rH for all three
regular space-times, also for illustrative purposes. We
see that, for all three regular space-times, the GBFs are
slightly higher than their Schwarzschild counterparts (by
≲ 20% at most), and asymptote to the latter for both
ω/M ≲ 0.3 and ω/M ≳ 0.7. While for definiteness we
have focused on these specific values of s, l, and ℓ, we
have explicitly checked that the features described above
are present for other values of the parameters in question
as well.

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
ω/M

0.0

0.2

0.4

0.6

0.8

1.0

Γ
s
=
1

l=
1

Schwarzschild

Bardeen (ℓ = 0.3 rH)

Hayward (ℓ = 0.3 rH)

Culetu-Ghosh-Simpson-Visser (ℓ = 0.3 rH)

FIG. 2. Greybody factors Γs=1
l=1 as a function of ω/M for

Schwarzschild BHs (black curve), as well as the Bardeen (blue
solid curve), Hayward (red dashed curve), and Culetu-Ghosh-
Simpson-Visser (green dotted curve) regular space-times. For
illustrative purposes we only plot Γs=1

l=1 , since we are interested
in photons (s = 1) and the dominant emission mode is the
l = 1 one. We have fixed the regularizing parameter to ℓ =
0.3rH for all three regular space-times. We see that in all
three cases the GBFs are consistently (slightly) higher than
their Schwarzschild counterparts. The features shown in this
plot do not change sensibly for higher values of l and other
values of ℓ.

B. Evaporation spectra

We now discuss our computation of the photon spectra
resulting from Hawking evaporation of the regular BHs
discussed previously. In what follows, we only account
for the primary photon spectrum. Nevertheless, we have
checked that in the mass region of interest the impact
of the secondary component of the spectrum, i.e. that
resulting from the decay into photons of other unstable
particles which are also produced during the evaporation
process, is negligible.
The Hawking radiation rate (number of particles emit-

ted per unit time per unit energy) of a given particle
species i with spin s, as a result of Hawking evaporation,
is given by the following [337–341]: 4

d2Ni

dtdEi
=

1

2π

∑

l,m

niΓ
s
l,m(ω)

eω/T ± 1
, (27)

where ni is the number of degrees of freedom of the
particle in question, ω = Ei is the mode frequency
(in natural units), Γs

l,m are the GBFs discussed previ-
ously, and we have implicitly set kB = 1. Note that

4 This expression implicitly assumes that the particles emitted by
the BH are not coupled to the regularizing parameter ℓ, an as-
sumption which is reasonable.
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Schwarzschild

Bardeen (ℓ = 0.15 rH)

Bardeen (ℓ = 0.3 rH)

Bardeen (ℓ = 0.45 rH)

FIG. 3. Primary photon spectra resulting from the evapora-
tion of Bardeen black holes of mass 1016 g for different values
of the regularizing parameter ℓ (normalized by the horizon ra-
dius rH): ℓ/rH = 0.15 (red dotted curve), 0.3 (green dashed
curve), and 0.45 (magenta dash-dotted curve). The blue solid
curve corresponds to the case ℓ/rH = 0, which recovers the
Schwarzschild black hole.
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Mpbh = 1016 g
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Hayward (ℓ = 0.15 rH)

Hayward (ℓ = 0.3 rH)

Hayward (ℓ = 0.45 rH)

FIG. 4. As in Fig. 3, but for Hayward black holes, with iden-
tical values of the regularizing parameter ℓ/rH and identical
color coding.

the plus (minus) sign in the denominator is associated
to fermions (bosons). Following the methodology dis-
cussed in Sec. III A, we calculate the GBFs within all the
BH space-times in question for photons (s = 1), up to
l = 4 (note that the angular node number l should not
be confused with the regularizing parameter ℓ). We have
checked that adding higher l modes does not appreciably
improve the resulting spectra.
We show examples of the resulting evaporation spec-

tra in Figs. 3, 4, and 5. The spectra obviously depend
on the mass of the evaporating PRBH, which we have
set to Mpbh = 1016 g, as it sits roughly in the middle of

10−4 10−3 10−2

Eγ [GeV]

1016

1017

1018

1019

1020

1021

d
2
N

γ
/d
td
E

γ
[G

eV
−
1
s−

1
] Mpbh = 1016 g

Schwarzschild

Culetu-Ghosh-Simpson-Visser (ℓ = 0.15 rH)

Culetu-Ghosh-Simpson-Visser (ℓ = 0.3 rH)

Culetu-Ghosh-Simpson-Visser (ℓ = 0.45 rH)

FIG. 5. As in Fig. 3, but for Culetu-Ghosh-Simpson-Visser
black holes, with identical values of the regularizing parameter
ℓ/rH and identical color coding.

the mass range of interest. Nevertheless, we stress that
the features we discuss below do not depend on the cho-
sen mass. The resulting spectra all peak approximately
between 5MeV and 10MeV.

For the Bardeen, Hayward, and CGSV PRBHs we ob-
serve that an increase in the regularizing parameter ℓ
leads to a decrease in the intensity of the spectra at all

energies. This is näıvely what one could expect by in-
specting the temperature evolution shown in Fig. 1, since
for all three these PRBHs the temperatures decrease rel-
ative to their Schwarzschild counterparts. However, as
Eq. (27) shows, the temperature is not the only quantity
at play, since the GBFs enter as well. As we have seen
in Fig. 2, the GBFs for all three PRBHs are larger than
their Schwarzschild counterparts, which would seem to
counteract the effect of a lower temperature. A posteri-
ori, however, the dominant effect turns out to be that of
a lower temperature. We could actually have expected
as much, since the resulting spectra given by Eq. (27) are
linear in the GBFs, but depend exponentially on the tem-
perature. Therefore, one might expect that a decrease in
the temperature will have a much more dramatic effect
than a comparable increase in the GBFs. This is pre-
cisely what we observe in Figs. 3, 4, and 5.

Aside from the amplitude of the spectrum, for the
Bardeen and Hayward PRBHs we note that the position
of the peak in the spectrum is only mildly affected by the
regularizing parameter, an increase in which pushes the
peak towards slightly lower energies. On the other hand,
for the CGSV BH an increase in the regularizing parame-
ter pushes the peak towards slightly higher energies. We
do not exclude that this different behaviour may be re-
lated to the type of core being considered, and we defer a
more detailed investigation of this point to future work.
At any rate, we expect that the behaviour of the spectra
discussed above should lead to constraints on fpbh which
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are loosened for these classes of PRBHs.

C. Evaporation constraints

The spectra calculated in Sec. III B are then used to
set evaporation constraints on fpbh(M) ≡ Ωpbh/Ωdm, the
fraction of DM in the form of PBHs, where Ωpbh and Ωdm

are the PBH and DM density parameters respectively.
Specifically, the computed spectra are used to obtain pre-
dictions for the flux of photons resulting from Hawking
evaporation, which are then directly compared against
measurements of the extragalactic photon background
across a wide range of energies (see e.g. Ref. [342] for
a recent review). Evaporation constraints are the domi-
nant ones in the 1013 g ≲ Mpbh ≲ 1018 g mass range: the
lower limit of the range is set by the requirement that
PBHs have not yet evaporated at the time of recombina-
tion, whereas the upper limit is defined by measurements
of the diffuse extragalactic γ-ray background (EGRB) in
the energy range 100 keV ≲ Eγ ≲ 5GeV, given that the
intensity of the Hawking radiation flux is inversely pro-
portional to the mass of the evaporating BH. In what
follows, we will direct our attention exclusively to PBHs
for which Mpbh ≳ 1015 g: these have yet to fully evapo-
rate today and, having formed deep during the radiation
domination era, are therefore excellent non-baryonic DM
candidates. There is another important reason for focus-
ing on this mass range. As shown in Appendix B, PBHs
(either Schwarzschild or the three PRBHs we consider)
within this range have lifetimes much longer than the age
of the Universe, are far from having fully evaporated at
the present time, and have only lost a negligible fraction
of their mass from formation until now. When using the
symbolMpbh, we are therefore safe in denoting the values
of the PBH mass both at formation and now.
We work under the commonly adopted assumption

that PBHs are isotropically distributed on sufficiently
large scales. Therefore, the flux resulting from their
evaporation and reaching us today is given by the red-

shifted sum of the contributions from all evaporating
PBHs in our Universe, and can be used to constrain the
average extragalactic distribution of DM in the form of
PBHs. Furthermore, we work within the (also commonly
adopted) approximation of monochromatic mass distri-
butions (which can be expected if the formation mecha-
nism arises from an amplification of the power spectrum
at a very specific scale), although the effect of extended
mass distributions is the subject of active research [343–
357]. Finally, as discussed earlier, we only consider the
primary photon contribution, as the secondary compo-
nent resulting from the decay into photons of other unsta-
ble particles is verified a posteriori to be negligible given
the mass range of interest. While all these are clearly
approximations, albeit widely adopted ones, we are con-
fident that they are appropriate given the aim of our
work. Our main goal is in fact to examine how the lim-
its on fpbh change when moving from the Schwarzschild

PBH framework to that of the regular metrics presented
in Sec. II, altering the asteroid mass window. It is more
than reasonable to expect that the shift in constraints
relative to the Schwarzschild case, δfpbh, is only weakly
affected by the above approximations. In other words
we expect these approximations to have similar impacts
on the constraints on fpbh relative to Schwarzschild BHs
for the different RBHs discussed in Sec. II, therefore
leading to negligible effects on the relative shift δfpbh,
which is the quantity we are ultimately interested in. At
any rate, the adopted approximations also allow for a
more direct comparison to several previous works, and we
therefore consider them appropriate for our pilot study,
while stressing that their impact should definitely be ex-
plored in future follow-up works. Finally, note that we
are tacitly assuming that PBHs cluster in the galactic
halo in the same way as other forms of DM (unless they
are extremely large, which is not the case for the mass
range of interest).
In what follows, we therefore assume that PBHs all

have the same initial mass Mpbh. Following Ref. [358]
we approximate the number of emitted photons in the
logarithmic energy bin ∆Eγ ≃ Eγ as being given by

Ṅγ(Eγ) ≃ Eγ(dṄγ/dEγ). The emission rate of photons
from Hawking evaporation per volume at a cosmological
time t is then given by [358]:5

dnγ

dt
(Eγ , t) ≃ npbh(t)Eγ

d2Nγ

dtdEγ
(Mpbh, Eγ) , (28)

where npbh(t) is the PBH number density at time t. By
integrating and taking into account the redshift scaling
of the photon energy and density we end up with:

nγ0(Eγ0)

= npbh(t0)Eγ0

∫ t0

t⋆

dt(1 + z)
d2Nγ

dtdEγ
(Mpbh, (1 + z)Eγ0)

= npbh(t0)Eγ0

∫ z⋆

0

dz

H(z)

d2Nγ

dtdEγ
(Mpbh, (1 + z)Eγ0) ,

(29)

where t0 denotes the present time, t⋆ and z⋆ are respec-
tively the cosmic time and redshift at recombination,
and H(z) is the expansion rate. Finally, nγ0(Eγ0) is the
present number density of photons with energy Eγ0. The
resulting photon flux (more properly, the rate of photons
per unit time per unit area per unit solid angle) is then
given by:

I(Eγ0) ≡
c

4π
nγ0(Eγ0) . (30)

5 In the original paper Mpbh is assumed to be a function of time,
due to the evaporation process. However, for the PBH masses
considered in the present work (M > 1015 g) we can safely as-
sume M to be roughly constant during the evaporation pro-
cess [110], see Appendix B for more detailed discussions.
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It is this quantity which can then be directly compared
against observations.
We assume a spatially flat ΛCDM cosmological model

in specifying the expansion rate entering into Eq. (29),
with the same cosmological parameters as in Ref. [358].
This allows us to robustly cross-check our Schwarzschild
constraints on fpbh against those reported in the sem-
inal Ref. [358], although we stress that our constraints
are very stable against reasonable changes in the values
of the cosmological parameters. Once the cosmological
model is fixed, all the relevant quantities in Eq. (29) are
known except for the present-day PBH number density,
npbh(t0), which can be constrained from EGRB obser-
vations and is ultimately related to fpbh. More specifi-
cally, for any given value of the PBH mass Mpbh, through
Eqs. (27,29,30) we can compute the unnormalized pho-
ton flux I(Eγ0)/npbh(t0), and adjust the normalization
npbh(t0) by comparing against EGRB observations (as
we will explain shortly). This procedures gives us an up-
per limit on npbh(t0), which can be translated into an
upper limit on fpbh as follows:

fpbh(Mpbh) ≡
Ωpbh

Ωdm

=
npbh(t0)Mpbh

ρcrit,0Ωdm

, (31)

where ρcrit,0 = 3H2
0/8πG is the present-day critical den-

sity, with H0 the Hubble constant, and we recall that this
procedure is done for various values of Mpbh.

We compare our theoretical predictions against various
measurements of the EGRB. Specifically, we use obser-
vations of the EGRB from the HEAO-1 X-ray telescope
in the 3-500 keV range [359], the COMPTEL imaging
Compton γ-ray telescope in the 0.8-30MeV range [360],
and the EGRET γ-ray telescope [361]. A few comments
are in order concerning the adopted datasets. While
these are by now a couple of decades old, they basically
still represent the state-of-the-art in the energy range
of interest. One could entertain other observations, in-
cluding local galactic measurements of the galactic γ-ray
background [362], positron flux [363], 0.511MeV anni-
hilation radiation [364–366], and various other sources.
While these galactic observations could lead to poten-
tially stronger limits, they depend strongly on the form
of the PBH mass function (assumed to be monochro-
matic in our study), as well as the clustering properties
of these PBHs. On the other hand, our limits on fpbh
are effectively testing the average extragalactic distribu-
tion of DM. Finally, other measurements of the EGRB
are available, e.g. from Fermi-LAT [367], but these are
mostly important for energy ranges larger than the ones
of interest, and therefore for PBHs lighter than the ones
we are considering. Therefore, we believe the choice of
datasets (which is the one adopted in several works esti-
mating evaporation limits on PBHs) is appropriate given
the objective of our study.
To set upper limits on npbh(t0) – and therefore fpbh

through Eq. (31) – we adopt the simple method first ex-
plained in the seminal Ref. [358], and later adopted in
most of the works examining constraints on PBHs from
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Mpbh = 5× 1015 g

Mpbh = 1016 g

Mpbh = 3× 1016 g

Mpbh = 5× 1016 g

HEAO-1

COMPTEL

EGRET

FIG. 6. Photon fluxes resulting from the evaporation of
primordial Bardeen black holes with regularizing parameter
ℓ = 0.3rH , and masses of Mpbh = 1015 g (brown curve),
2.3×1015 g (purple curve), 5×1015 g (red curve), 1016 g (green
curve), 3 × 1016 g (green curve), and 5 × 1016 g (blue curve).
The triangles indicate 1σ upper limits on the extragalactic
γ-ray background flux as measured by HEAO-1 (maroon),
COMPTEL (turquoise), and EGRET (teal). For each value
of Mpbh, the PBH fraction fpbh has been set to its upper
limit, determined as soon as the first datapoint is overshot
(the latter is different for different values of Mpbh).

the EGRB. Specifically, for each value of Mpbh, and for
given values of the regularizing parameter ℓ, the max-
imum allowed value of fpbh is determined by requiring
that the predicted photon flux does not overshoot any
of the ERGB datapoints by more than 1σ. An example
is shown in Fig. 6 for Bardeen PRBHs with regularizing
parameter ℓ = 0.3 rH : for each of the mass values Mpbh

represented, the upper limit on fpbh is set as soon as the
first datapoint is overshot. As is clear from the Figure,
different PBH masses result in different datapoints being
overshot. For each of the PRBHs considered, we use this
procedure to determine upper limits on fpbh for fixed,
representative values of ℓ (ℓ/rH = 0.15, 0.3, and 0.45),
comparing the results to the Schwarzschild case which
is recovered when ℓ = 0. 6 We note that the exact ori-
gin of the EGRB is currently a matter of debate [368]:

6 Clearly, from the statistical point of view, more precise analyses
are possible. For instance, one could construct a metric to be
minimized (χ2 or similar), or adopt a fully-fledged Bayesian ap-
proach exploring the joint M -fpbh-ℓ posterior. Nevertheless, we
believe our approach is sufficient for the purposes of our work,
for several reasons. First and foremost, as with the approxima-
tions discussed earlier, adopting this method allows for a more
direct comparison to several previous works. Furthermore, for
most of these older datasets, often only the datapoints shown in
Fig. 6 are available, with no further available details on aspects
which would be required to properly build a χ2 or likelihood (e.g.
correlation between the datapoints, instrumental details, and so
on). Finally, we expect that the relative shift in fpbh limits
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FIG. 7. Upper limits on fpbh, the fraction of dark matter in
the form of primordial regular Bardeen black holes, as a func-
tion of the black hole mass Mpbh. The limits are derived for
different values of the regularizing parameter ℓ (normalized
by the horizon radius rH), with the shaded regions excluded:
ℓ/rH = 0.15 (red dotted curve), 0.3 (green dashed curve),
and 0.45 (magenta dash-dotted curve). Note that the blue
solid curve corresponds to the case ℓ/rH = 0, which recov-
ers the Schwarzschild black hole, whereas the value of Mpbh

corresponding to the upper right edge of the fpbh constraints
marks the lower edge of the asteroid mass window.

although it is commonly believed that distant astrophys-
ical sources such as blazars give a major contribution to
the EGRB, there is no complete consensus on the level
of this contribution. In this light, our approach of sim-
ply requiring that the PRBH evaporation contribution
to the EGRB does not exceed any observed datapoint is
rather conservative (given that there could in principle be
a PBH contribution to the EGRB, should it be conclu-
sively determined that known astrophysical sources are
unable to fully account for the latter).

IV. RESULTS

For each of the PRBHs discussed in Sec. II, we now
proceed to derive upper limits on fpbh as a function of
the PRBH mass Mpbh, for different values of ℓ, using
the methodology presented in Sec. III C. The results are
shown in Figs. 7, 8, and 9 for Bardeen, Hayward, and
CGSV PRBHs respectively. For each case, we also plot
the constraints on fpbh for the ℓ = 0 case (blue solid
curve in all the Figures), which correspond to the stan-
dard Schwarzschild PBH scenario widely studied in the

with respect to their Schwarzschild counterparts will be largely
unaffected by the adopted methodology. For all these reasons,
and especially being ours a pilot study, we believe the adopted
methodology is appropriate for the purposes of our work.
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FIG. 8. As in Fig. 7, but for primordial regular Hayward black
holes, with identical values of the regularizing parameter ℓ/rH
and identical color coding.
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FIG. 9. As in Fig. 7, but for primordial regular Culetu-Ghosh-
Simpson-Visser black holes, with identical values of the regu-
larizing parameter ℓ/rH and identical color coding.

literature. As a sanity check, we have verified that our
ℓ = 0 constraints exactly recover those of the seminal
Ref. [358]. It is worth noting that, for any given value
of ℓ, the value of Mpbh corresponding to the upper right
edge of the fpbh constraints (i.e. the value of Mpbh for
which the limit reads fpbh < 1) marks the lower edge of
the asteroid mass window.

For all PRBHs, we saw earlier that the temperature
and photon spectra decrease in intensity with increasing
regularizing parameter ℓ (see the discussion in Sec. III B,
and Figs. 3–5). As we could have expected, this be-
haviour leads to overall looser constraints on fpbh (for
any given Mpbh) relative to the standard limits reported
for Schwarzschild PBHs in the literature. In the case of
near-extremal Hayward PRBHs (ℓ = 0.45rH) this be-
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haviour is somewhat enhanced compared to the near-
extremal Bardeen and CGSV PRBHs, with the upper
limits on fpbh approximately three orders of magnitude
looser than the corresponding Schwarzschild ones: again,
this is somewhat unsurprising when comparing Fig. 4 to
Figs. 3 and 5. This could also have been expected from
Fig. 1, noting that the temperature of Hayward BHs de-
creases more rapidly with increasing ℓ/rH relative to the
Bardeen and especially CGSV ones. Although the tem-
perature is not the only factor at play in determining
the resulting evaporation spectra, given that the GBFs
also play a key role as per Eq. (27), it is reassuring to
see that the temperature behaviour observed in Fig. 1 is
qualitatively reflected in the limits on fpbh we derive.

As a result of the shifts discussed above, the lower edge
of the asteroid mass window where PBHs could make up
the entire DM component is modified for all three metrics
considered. We recall that in the Schwarzschild case, the
lower edge of the window lies at Mpbh ≃ 1017 g. For the
PRBHs we consider, the looser constraints on fpbh result
in the asteroid mass window further opening up by up to
half a decade in mass or more. The maximum extension
of the window is reached for the Hayward PRBH closer
to extremality, in which case the lower edge decreases by
about an order of magnitude to Mpbh ≃ 1016 g. Overall,
we therefore observe that considering PRBHs in place of
the standard Schwarzschild ones can relax the resulting
constraints on fpbh, further opening up the asteroid mass
window. The allowed region for the window lower edge
spans over a decade in mass, at least for the PRBHs and
range of ℓ considered. We note that, as ℓ moves towards
the extremal limit, the temperatures of these PRBHs T
approaches zero. This is indeed generally expected from
thermodynamical arguments. In this case, which is the
one studied in Ref. [275], the PRBHs do not evaporate,
and therefore our evaporation constraints do not apply.
See also Refs. [279] for a related study appearing after
ours.

Three comments are in order before concluding.
Firstly we note that, for a given PRBH space-time, the
curves describing the fpbh(M) limits are approximately,
but not exactly parallel to the Schwarzschild ones (blue
solid curves in Figs. 7–9). The reason is simply that, as ℓ
is increased, the datapoint shown in Fig. 6 which is first
being overshot and therefore responsible for determining
the fpbh limit can potentially change (in part due to the
spectrum slightly changing shape).

Next, the constraints we have determined on fpbh at
a fixed value of ℓ/rH implicitly assume that all PRBHs
in the Universe carry the same value of “hair” parameter
ℓ. However, particularly given our agnostic stance with
regards to the origin of these space-times, in principle the
value of ℓ/rH can vary from PRBH to PRBH. To make
an analogy, let us assume for a moment that Reissner-
Nordström BHs are astrophysically relevant. Then, since
the electric charge Q is not tied to a universal parame-
ter of the underlying Einstein-Maxwell Lagrangian, there
is no reason to expect it to carry the same value across

all BHs. In the language of Ref. [282], the regulariz-
ing parameter for all three PRBHs considered is a “spe-
cific hair” rather than an “universal hair” (see Ref. [282]
for various examples of BH solutions carrying universal
hair), unless one were able to tie ℓ to some fundamental
parameter of the underlying theory, which however is not
the case in the phenomenological approach we are follow-
ing. In principle one should therefore account for the
(non-monochromatic) ℓ distribution for PRBHs across
the Universe to determine constraints on fpbh. We see no
obvious way of doing this, while noting that such a pro-
cedure would most likely result in upper limits on fpbh
lying between the Schwarzschild and extremal cases: this
observation suffices for our pilot study, and we defer a
more complete investigation to future work.
Our final comment concerns the fact that evaporation

limits on the PBH abundance are not the only ones at
play. Indeed, as recently summarized in Ref. [110], there
are essentially four classes of limits, each of which is rele-
vant in a different mass range: evaporation, lensing, dy-
namical, and accretion constraints. Constraints from the
accretion of background gas at early times are relevant in
a completely different mass range (1033 ≲ Mpbh/g ≲ 1040

– see Fig. 7 of Ref. [110] and Fig. 10 of Ref. [369]). Al-
though these have been derived assuming Schwarzschild
PBHs, moving to the PRBH picture we have considered
will not shift the relevant mass range by the ≳ 18 orders
of magnitude required for these constraints to compete
with the evaporation ones, unless the physics of gas ac-
creting around RBHs changes drastically with respect to
the standard picture, which appears very unlikely. Dy-
namical constraints, most of which are associated to the
destruction of different astronomical objects by the pas-
sage of nearby PBHs, are also relevant in a completely
different mass range (1034 ≲ Mpbh/g ≲ 1055 – see Fig. 7
of Ref. [110] and Fig. 10 of Ref. [369]), and considerations
completely analogous to those we made for accretion con-
straints hold. 7

Of potentially more relevance to the present work are
lensing constraints, which constrain the abundance of
PBHs (and more generally massive compact halo objects)
with masses Mpbh ≳ 1015 g. Indeed, it is lensing con-
straints which locate the upper edge of the asteroid mass
window where PBHs can make up all the DM. Neverthe-
less, we expect that these constraints should not change
when moving from the Schwarzschild PBH framework
to the PRBHs considered in this work. Indeed, with
all other quantities being fixed (mass of source, relative

7 Potential exceptions to this mass range for dynamical constraints
are those from capture of PBHs by white dwarfs or neutron
stars at the centres of globular clusters [370–372], or from su-
pernovae explosions resulting from transit of a PBH through a
white dwarf [373]. However, these limits are highly disputed
because of uncertainties in the dark matter density in globular
clusters [374, 375], or based on the results of hydrodynamical
simulations [376]. For these reason, we will not consider the pre-
viously mentioned limits in our discussion.
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distances, and so on), lensing constraints only depend
on the lens mass M , and are unaffected by the met-
ric structure of the lens. Therefore, at fixed mass M ,
we can assume that the lensing limits on Schwarzschild
PBHs hold for our PRBHs as well. Note that, as already
pointed out in footnote 2, the parameter M appearing in
the RBH metrics can be unambiguously identified with
the RBH mass, just as with the parameter M in the
Schwarzschild metric. We can therefore conclude that
for the PRBHs we are considering it should only be the
lower edge of the asteroid mass window which is altered
with respect to the Schwarzschild case, but not the upper
edge. In other words, space-times for which the lower
edge moves towards lower masses (as in the Bardeen,
Hayward, and CGSV PRBH cases) genuinely correspond
to an enlarged asteroid mass window. Therefore, the win-
dow where Bardeen, Hayward, and CGSV PRBHs could
account for all the DM is much larger compared to that
of Schwarzschild PBHs.
Other potentially relevant constraints come from µ-

distortions in the Cosmic Microwave Background, and
gravitational waves (either a stochastic background
due to a population of coalescing PBHs or produced
via second-order tensor perturbations generated by the
scalar perturbations producing the PBHs, or associated
to resolved events). The latter are expected to be rele-
vant in a much higher mass range (again, see Fig. 7 of
Ref. [110] and Fig. 10 of Ref. [369]), whereas the former
are somewhat dependent on the PBH formation scenario
from high-σ tails of density fluctuations, and in particu-
lar on the shape of the tail. At any rate, while the focus
in the present pilot study has been solely on evaporation
constraints from the ERGB, revisiting all these other im-
portant sources of constraints (including the ones we dis-
cussed earlier) is a worthwhile endeavour which we plan
to explore in upcoming works.

V. CONCLUSIONS

Over the past decade, primordial black holes have re-
gained tremendous interest as viable dark matter can-
didates, with the so-called “asteroid mass window”
(1017 g ≲ Mpbh ≲ 1023 g) where PBHs could potentially
account for the entire DM currently still open. Nearly
all works on PBHs assume that these are Schwarzschild
or Kerr BHs. However, while phenomenologically per-
fectly valid, such an assumption may stir some unease
on the theoretical side, due to the appearance of singu-
larities in these metrics. In our work, we have conducted
a pilot study aimed at addressing a question which natu-
rally merges the DM and singularity problems, arguably
two among the most important open problems in theo-
retical physics: “What if PBHs are non-singular”? Our
study of primordial regular BHs (PRBHs) has focused on
three so-called tr -symmetric metrics (including the well-
known Bardeen and Hayward space-times), whereas our
companion paper [194] considers non-tr -symmetric met-

rics, including various metrics inspired from loop quan-
tum gravity.

We show that evaporation constraints on fpbh, the
fraction of DM in the form of PRBHs, can be substan-
tially loosened when moving away from the Schwarzschild
picture, leading to the asteroid mass window further
opening up. For the three PRBHs considered (the
Bardeen, Hayward, and CGSV ones) the lower edge of
the asteroid mass window is shifted by a decade in mass
or more, leading to a larger region of parameter space
where PRBHs could account for the entire DM compo-
nent, which should be the target of the same probes
proposed to test the standard window [171, 173, 175–
177, 179, 180, 377, 378]. The nature of the regular BH
core (de Sitter or Minkowski) does not appear to play
a significant role in this sense. Overall, we have shown
that the phenomenology of primordial regular BHs can
be particularly rich, making the associated simultaneous
solution to the DM and singularity problems one worthy
of further study. We note that the constraints we ob-
tained would become even weaker had we moved closer
to the extremal limit for the regularizing parameter ℓ:
indeed, in this limit the temperatures of the RBHs we
considered approaches zero, implying that there are no
constraints from evaporation [275].

We remark that the present work (alongside our com-
panion paper [194]) should be intended as a pilot study,
and there are a huge number of interesting follow-up
directions. One interesting avenue for further work in-
volves systematically revisiting other sources of con-
straints which have been studied in the Schwarzschild
PBH case, including but not limited to lensing, accre-
tion, and dynamical constraints: while we have argued
that these should not alter our considerations on the as-
teroid mass window, a detailed study which would allow
us to extend our constraints over a much larger region
of Mpbh-fpbh plane is nevertheless in order. In addi-
tion, the metrics we have considered are inherently phe-
nomenological in nature, and it would therefore be worth
extending our study to non-singular metrics which en-
joy a strong theoretical motivation (our companion pa-
per [194] goes partially in this direction), including po-
tentially metrics which are coupled to the cosmological
expansion [237, 242, 244, 261, 264]. Moreover, the forma-
tion mechanisms for these PRBHs is likely to be much
more complex than the corresponding mechanisms for
Schwarzschild PBHs: in fact, the space-times consid-
ered are not vacuum solutions of GR, which implies that
Birkhoff’s theorem does not (necessarily) hold, and corre-
spondingly the endpoint of gravitational collapse may not
be unique. At this stage it is impossible for us to make
definitive statements on the matter without abandoning
our agnostic viewpoint and assuming a specific underly-
ing theoretical model, but the issue of PRBH formation
(possibly within the context of inflationary models lead-
ing to an enhanced spectrum of curvature fluctuations
over specific scales) is one which requires further study.
Last but definitely not least, if PBHs are truly regular,
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one would hope to ascertain this via signatures comple-
mentary to those we have studied: gravitational wave ob-
servations, VLBI imaging, motion around BHs, or energy
extraction are potentially interesting observables in this
sense. For instance, the shadows of Bardeen, Hayward,
and CGSV BHs are smaller than their Schwarzschild
counterparts by up to 20% [282], whereas the motion
of stars around these BHs (take for instance the S2 star
orbiting around Sgr A⋆) would be altered compared to
the motion around a Schwarzschild BH. These probes
are being actively studied within the community as a
means of distinguishing Schwarzschild BHs from alterna-
tives thereto, and are likely to provide a promising route
towards testing the regular nature of PRBHs, in the event
that these are detected in the future and demonstrated
to make up the DM, or even just a fraction thereof. We
plan to address these and other related points in follow-
up work.
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Appendix A: Details on the computation of

greybody factors

Here we provide a few more details on the computation
of GBFs. We recall that we expressed the solutions to
the radial Teukolsky equation, Eq. (20), in the form of a
Taylor expansion as given by Eq. (23). This is also known
as a Frobenius series, being a by-product of a method for
solving second-order differential equations named after
Frobenius. The method applies to equations which take
the following form

u′′ + p(x)u′ + q(x)u = 0 , (A1)

in proximity of its singular points, namely those where
p(x) and/or q(x) diverge. One can notice that Eq. (20)
can be rewritten in the form of Eq. (A1), with one of its
singular point being at x = 0, i.e. at the event horizon.
To solve the radial Teukolsky equation we therefore

proceed as follows:

• We work in units of the event horizon and rewrite
Eq. (20) in order to remove the denominators

A(x)R′′
s +B(x)R′

s + C(x)Rs = 0 , (A2)

where the functions A(x), B(x), and C(x) are given
by the following:

A(x) = f2(x+ 1)2 ,

B(x) = (s+ 1)f2(x)(2(x+ 2) + (x+ 1)2f ′/f) ,

C(x) = +(x+ 1)2ω2 + 2is(x+ 1)ωf − is(x+ 1)2ωf ′

+ sf
(

(x+ 1)2f ′′ + 4(x+ 1)f ′ + 2f − 2
)

− l(l + 1)f + s(s+ 1)f ,

• The lowest power term around x = 0 of each coef-
ficient can be written in the following form:

A(x) ∼ x2τ2 ,

B(x) ∼ x(s+ 1)τ2 ,

C(x) ∼ ω2 − iωsτ ,

where τ = τ(ℓ) depends on the choice of RBH.

• We then build the following characteristic equation:

m(m− 1)τ2 +m(s+ 1)τ2 + ω(ω − isτ) = 0 , (A3)

whose solutions are the following:

m1 = −s− iω

τ
, m2 =

iω

τ
(A4)

• It is then possible to conclude that Eq. (20) admits
solutions near the singular point x = 0 of the form
given by Eq. (23).

Explicitly, for the three RBHs in question, τ is given by
the following:

τB =
1− 2ℓ2

ℓ2 + 1
,

τH = (1− 3ℓ2) ,

τCGSV = 1− ℓ .

We notice that in the Schwarzschild limit ℓ → 0, all of
the above reduce to τ = 1 as one could expect.

Appendix B: PRBH time evolution

Throughout the paper, in using M to denote the
masses of PRBHs, we never specified whether we were re-
ferring to the initial mass, the present mass of the PRBH
undergoing evaporation, or another quantity. This ques-
tion is relevant since the mass of an evaporating BH is of
course a monotonically decreasing quantity. As we shall
see, this question is intertwined with the question of what
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is the lifetimes of these PRBHs, and whether they have
already evaporated by now: the aim of this Appendix is
to address these questions.
In Sec. III B we discussed the spectrum of photons

emitted due to Hawking evaporation. In general, how-
ever, BHs will emit not only photons, but the whole
spectrum of particles of the underlying theory. In fact,
no specific coupling is required for this to occur. Enforc-
ing energy conservation leads to the conclusion that the
emission comes at the expense of the BH mass. Following
the steps of Refs. [339–341, 379, 380], and considering a
field of spin s, the associated depletion function is defined
as follows:

fs = M2

∫ ∞

0

dω
d2N

dtdE
ω

= M2
∑

i,l,m

1

2π

∫ ∞

0

dω
niΓ

s
l,m(ω)

eω/T ± 1
ω

= M2
∑

i,l

(2l + 1)

2π

∫ ∞

0

dω
niΓ

s
l (ω)

eω/T ± 1
ω , (B1)

where in the last equality we have exploited the fact that
for spherically symmetric space-times the (2l+ 1) differ-
ent m modes are degenerate, and ni is the number of
degrees of freedom of the particle in question. It is worth
noting that there is no reference to µ, the mass of the field
being evaporated by the BH. Given that the emission of
particles with masses above the Hawking temperature T
is Boltzmann-suppressed, in practice working within the
usually adopted approximation where the particles are
considered massless for µ < T , and absent at lower tem-
peratures, is sufficiently accurate for our purposes (so we
do not need to compute the GBFs for massive fields).
At a given particle temperature, summing over all the

degrees of freedom accessible at a given BH temperature
one can define the following function:

F = N0f0 +N1/2f1/2 +N1f1 +N3/2f3/2 +N2f2 ,

(B2)

where Ns count the degrees of freedom of spin s such that
µ < T . This function is related to the BH mass loss rate
as a function of time t through the following differential
equation:

dM

dt
= − F

M2
, (B3)

which can easily be integrated numerically with initial
condition given by M(t = 0) = M0. The lifetime of a BH
is then determined by the time at which M goes to 0.

Let us begin by considering the case of evaporat-
ing Schwarzschild PBHs. Integrating Eq. (B3) back-
wards, we compute the initial mass of a Schwarzschild
PBH whose lifetime is roughly the age of the Universe
(tU ∼ 13.8Gyr), finding M0 ∼ 5 × 1014 g in agreement
with Ref. [339]. On the other hand, we find the lifetime
of a Schwarzschild PBH of initial mass M0 = 1015 g to be
∼ 10tU . However, of greater relevance to us is the ques-
tion of how much does its mass vary from M0 during the
first tU , i.e. from formation until today. We find that,
during this time, the mass of the PBH is subject to a
negligible (sub-% level) decrease. In this light, and given
that we have focused on PBHs with masses M > 1015 g,
which are far from having fully evaporated today, for
our purposes we can safely approximate the BHs as be-
ing quasi-static throughout the lifetime of the Universe,
while consequently denoting by M the values of the PBH
mass both at formation and today.

The above is valid for Schwarzschild PBHs. However,
as we have already seen earlier, the three PRBHs we con-
sidered are all colder compared to their Schwarzschild
counterparts (at a given mass), and the slight increase
in the GBFs is not sufficient to compensate for these
decreased temperatures. In other words, the consider-
ations we drew in Sec. III B lead us to conclude that
these PRBHs have a longer lifetime compared to their
Schwarzschild counterparts at a given mass, expectation
that we have checked explicitly. For example, the life-
time of a Bardeen BH of ℓ = 0.45rH and initial mass
M0 = 1015 g is > 103tU , and during the first tU the mass
lost to evaporation is negligible. In short, the PRBHs
we considered have lifetimes considerably longer than
Schwarzschild PBHs of the same initial mass, and they
lose a negligible fraction of mass throughout the age of
the Universe: therefore, they are very far from having
fully evaporated today, and the quasi-static approxima-
tion we have adopted is justified.
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138758 (2024), arXiv:2404.18536 [gr-qc].

[288] V. Vertogradov and A. Övgün, Phys. Dark Univ. 45,
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[325] M. Calzà, J. March-Russell, and J. a. G. Rosa, (2021),
arXiv:2110.13602 [astro-ph.CO].
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[329] M. Calzà and J. a. G. Rosa, JHEP 08, 012 (2024),
arXiv:2311.12930 [gr-qc].
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