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In this paper, we consider the hypothesis that fractions of dark matter could be constituted by
primordial black holes (PBHs). To test this possibility, we work out the observational properties of
a static black hole embedded in the dark matter envelope made of a PBH source. The corresponding
modifications of geometry due to such a physical system are investigated, with a particular focus on
the accretion disk luminosity in spiral galaxies. The impact of the PBH presence is analyzed through
modification of the disk luminosity and kinematic quantities. Thus, we discuss possible constraints
on the PBH abundance in view of the most recent theoretical bounds. The results of our study
indicate that suitable PBH masses are MPBH ∈ [106, 1012]M� for PBH fractions fPBH ∈ [10−3, 1].
In particular, a comparison with the predictions of the exponential sphere density profile for dark
matter suggests that the best-matching configuration is achieved for fPBH = 1 and MPBH = 106M�.
Consequences with respect to the current knowledge on primordial black hole physics are discussed.

PACS numbers: 95.35.+d, 95.30.Sf, 04.20.-q

I. INTRODUCTION

Last year’s observations certify that we are currently
encompassing the epoch of black hole astronomy [1]. The
first evidence for supermassive black hole1 (BH) shadow
in the galaxy M87 [3, 4] has shed light on galaxy for-
mation and on the presence of extreme compact objects
located at the centers of spirals [5]. After the first detec-
tion of gravitational waves [6], BH and compact object
mergers opened new windows towards the so-called multi-
messenger astronomy [7]. The most accredited strategy
to infer the supermassive BH masses handles measures
of accretion disk spectra2 [8]. An accretion disk, deter-
mined by a central highly-massive object, represents a
disk-like flow configuration constituted by fluids under a
particular physical state, such as gas, plasma or simply
dust. The role played by pressure cannot be avoided,
if one considers cases that do not include dust only. In
fact, even particles around a massive astronomical object
may represent the material orbiting in the gravitational
field providing the accretion disk itself. This configu-
ration typically requires that the material configuration

∗ rocco.dagostino@unina.it
† roberto.giambo@unicam.it
‡ orlando.luongo@unicam.it
1 Theoretical scenarios for BH formation and distribution fail to

be predictive [2], i.e., their formation is far less understood with
respect to their light, stellar mass, and counterparts.

2 A significant exception is offered by Sgr-A* in the Milky Way
and the supermassive black hole candidate in the galaxy M87.

loses energy and angular momentum as it slowly spirals
inward.

The accretion disk properties turn out to be essential
in order to predict theoretical models that, regardless of
the morphology of galaxies, are able to place constraints
on general relativity and/or extended theories of gravity
[9–11]. In this respect, the underlying geometry plays
a central role [12]. Considering accretors at the center
of a given galaxy requires the presence of dark matter
(DM) to fuel the material orbiting within the accretion
disk. It is then reasonable to believe that the central dis-
tribution may affect the overall geometry, once the DM
distribution is somehow known [13]. In analogy, rela-
tivistic effects might be included in describing the DM
distribution, modifying consequently the light properties
emitted by accretion disks.

An intriguing possibility is offered by considering DM
under the form of PBHs [14]. Strong observational evi-
dence suggests that the matter content of the Universe
is mostly made of non-baryonic particles under the form
of cold DM (see, for a review, [15]). After the earlier
works studying the formation of PBHs from the gravita-
tional collapse in the primordial Universe [16, 17], it was
soon realized that a potential candidate for DM may be
represented by PBHs [18]. Since their formation dates
back to before matter-radiation equality, PBHs are char-
acterized by a non-baryonic nature and could, in fact,
behave like DM particles. PBHs endowed with an initial
mass MPBH & 1014 g are thought to escape Hawking’s
evaporation and live longer than the Universe has existed
[19, 20].
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A surge of interest in PBHs as DM was brought on by
the microlensing results of the MACHO Collaboration
[21], which observed a much greater number of events
with respect to those expected from stellar populations.
Such excess is consistent by considering that half of the
halo of our galaxy is made of compact objects with mass
0.5M�, while considerations based on the baryon budget
would exclude astrophysical compact objects [22].

A more recent wave of interest in considering DM made
of PBHs was given by the detection of gravitational waves
by the LIGO-Virgo Collaboration [6]. In particular, it
was argued that the merging solar mass BHs responsible
for the signal could have a primordial origin rather than
astrophysical [23–25].

Moreover, this scenario has been reinforced due to the
missing evidence for the most popular DM candidates,
such as WIMPs, sterile neutrinos and axions, although
the huge experimental efforts of the last decades [15, 26].
If we admit the existence of PBHs as plausible candi-
dates for DM, it is not possible to exclude their presence
around an accretor to contribute to the overall material
distribution of the accretion disks of a given spiral galaxy.

Motivated by these considerations, in this paper we
assume that DM around a generic galaxy is made of a
fraction of PBHs. In particular, we study how the spec-
trum of the accretion disk, surrounding a highly-massive
central compact object, could be modified according to
the above hypothesis. Invaluable information about the
accretion disk luminosity can be then obtained by vary-
ing the PBH abundance. To do so, we describe the ge-
ometry of a generic spiral galaxy in spherical symmetry.
Hence, we investigate the radial contributions of density
and pressure adopting a spherical Tolman-Oppeheimer-
Volkov (TOV) spacetime, by means of suitable boundary
conditions on the galaxy configuration. We thus work out
the standard luminosity provided by the Novikov-Thorne
approach. The flux and differential fluxes are computed,
once the energy, angular velocity and momentum are in-
ferred from the metric itself. Our analysis relies on the
assumption that each DM particle is composed of PBH
with the same mass, and that mass loss is negligible as
well as angular momentum is assumed not to decrease.
We evaluate the theoretical curves that will depend upon
the PBH fraction. We thus put constraints over the ex-
pected PBH mass and abundance confronting our find-
ings with the outcomes provided by the DM exponential
sphere density model.

The paper is structured as follows. In Section II, we
characterize the PBH distribution in a DM halo. We
highlight the main features of such a picture and under-
line their possible limitations. In Section III, we model
DM in galaxies, pointing out the most suitable boundary
conditions and indicative priors over the quantities un-
der exam. In Section IV, the accretion disk luminosity
is computed by means of the Novikov-Thorne approach,
which allows us to calculate both kinematic and spectro-
scopic quantities. Theoretical discussions have been re-
ported in Section V, emphasizing the most suitable con-

straints on the PBH fractions that turn out to be com-
patible with the present expectations for DM. Finally, in
Section VI we report conclusions and perspectives.

II. PRIMORDIAL BLACK HOLES AS DARK
MATTER

One of the possibilities explored for nearly fifty years
to explain the production of DM in the early Universe
is that the DM abundance observed today might be the
relic from the evaporation of some populations of ener-
getic enough PBHs. Remarkably, this scenario does not
imply the existence of extra interactions, but it arises
from particle production through Hawking radiation [27].
Indeed, the collapse of BHs generates a thermal flux of
particles that would constitute the source of gravitation-
ally interacting DM [28]. According to the standard cos-
mological scenario, the origin of the cosmic structures is
due to matter perturbations seeded by an early period of
exponential expansion of spacetime known as inflation3

[30–32]. Although the absence of a consensus scenario,
the existence of PBHs is predicted by several inflationary
models.

The interest in the hypothesis that a significant frac-
tion of DM might be made of PBHs has been recently re-
newed after the observations of gravitational waves from
a merger of massive BHs detected by the LIGO/Virgo
Collaboration [33–35]. The mass of PBHs has been
constrained by a large variety of experiments over the
years4. The minimum value is derived by requiring that
they have not already evaporated. Specifically, from the
Hawking radiation one finds that MPBH ≥ 5×1014 g [37].

To characterize PBH distribution in spiral galaxies,
one can work out the simplest possible configuration, re-
gardless of the redshift dependence and the two-point
correlation function. This can be done by adopting the
following assumptions: a) all PBHs behave as copies of
particles; b) they do not interact with each other; c) the
volume in which they lie is exactly the spherical volume
associated with the spacetime geometry; d) the density
of PBHs coincides with the DM density. Based on these
simplistic assumptions, one could write the total DM
mass as a function of the PBH mass density Φ(m) and
the corresponding density as MDM = N

∫
dmΦ(m) and

ρDM = MDM

V ∝ r−3, where the last proportionality repre-
sents the steepest condition for the radial dependence of
the PBH density in terms of DM, and N is the number
of PBHs.

Clearly, one may go beyond this prototype scheme and
consider a more realistic scenario, which takes into ac-
count the redshift dependence and the two-point correla-
tion function associated with PBHs to describe the radial
distribution of the DM halo.

3 For a recent perspective, see [29].
4 For a comprehensive review, see e.g. [36].
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To this purpose, we follow the approach of [38] and
consider the evolution of the PBH spatial distribution as
a function of the redshift z and of the comoving sepa-
ration x = |~x|. In particular, the two-point correlation
function of PBH is characterized by the overdensity of
an individual PBH centered at the comoving position ~xi,
given by

δρPBH(~x, z)

fPBHρDM

=
1

nPBH

∑
i

δD(~x− ~xi(z))− 1 , (1)

where ρDM is the background DM energy density, and
δD(~x) is the 3-dimensional Dirac distribution. Here,

fPBH ≡ ΩPBH,0

ΩDM,0
is the fraction of DM under the form

of PBHs, with ΩPBH,0 and ΩDM,0 being the density pa-
rameters of PBHs and DM at redshift z = 0, respectively.

Also, nPBH represents the PBH average number den-
sity per comoving volume:

nPBH ' 3.2 fPBH

(
20M�/h0

MPBH

)(
h0

kpc

)3

, (2)

where MPBH and M� are the PBH and the solar masses,
respectively, while h0 ≡ H0/(100 km s−1Mpc−1) is the
reduced Hubble constant. Therefore, one can write the
PBH two-point correlation function as〈

δρPBH(~x, z)

ρDM

δρPBH(0, z)

ρDM

〉
=
f2

PBH

nPBH
δD(~x) + ξ(x, z) ,

(3)
where ξ(x, z) is the reduced PBH correlation function.
The above expression can be then used to define the PBH
power spectrum relative to the total DM energy density:

∆2(k, z) =
k3

2π2

∫
d3x ei

~k·~x
〈
δρPBH(~x, z)

ρDM

δρPBH(0, z)

ρDM

〉
.

(4)
To proceed, we consider the Press-Schechter formalism

[39] applied to an initial Poisson power spectrum, from
which it is possible to obtain the number density of PBH
halos with a mass within the interval (M,M + dM):

dn(M, z)

dM
=
ρPBH√
π

(
M

M∗(z)

)1/2
e−M/M∗(z)

M2
, (5)

where ρPBH = nPBHMPBH is the average PBH energy
density, and M∗(z) is the typical halo mass that collapses
at z [40], which is given by

M∗(z) = N∗(z)MPBH ' f2
PBH

(
2600

1 + z

)2

MPBH . (6)

In the framework of the halo model [41, 42], the corre-
lation function reads

ξ(r, z) =
1

ρ2
DM

∫
dM

dn(M, z)

dM
M2µM (r, z) , (7)

where

µM (r, z) =

∫
d3s ρPBH(s,M, z) ρPBH(|~s+ ~r|,M, z)

' 1.22

4πR3
vir

(
r

Rvir

)−9/5

. (8)

One thus obtains the PBH halo density profile as

ρPBH(r) =
3M∗
20π

R
−3/5
∗ r−12/5, (9)

where R∗ is the virialized radius of a halo of mass M∗:

R∗ =

(
3M∗

4π · 200 ρPBH

)1/3

, (10)

in which an average density of 200 times the background
density is assumed within each virialized halo.

III. MODELLING DARK MATTER IN THE
GALAXY

The nature and the high mass of the accreting central
object require the use of general relativity. The accre-
tion disk luminosity will be therefore determined once the
metric is involved as a solution to Einstein’s field equa-
tions. Since these solutions describe the gravitational
field of these BHs [43–45], and/or the field outside mas-
sive compact objects, such as white dwarfs, neutron stars
[46], and more exotic ones5, one needs to fix the symme-
try underlying the corresponding spacetime [49].

Modelling the compact object at the center of galaxies
surrounded by DM is not a simple task [50]. The DM halo
is quite completely unknown and its functional behaviour
with respect to the radial coordinate r can be determined
only through simulations [51], indirect strategies of mod-
elling [52], or Monte Carlo analyses [53], giving rise to a
wide number of compelling DM models [54].

We can therefore start from the simplest basic demands
quite accepted in the literature, among which the ex-
istence of BHs at the center of galaxies, as suggested
by emission lines of quasars [55], with a spherically-
distributed DM, modelled through suitable versions of
the profile density.

In view of the above considerations, it would be possi-
ble to estimate the radiative flux emitted by the accretion
disk, along with its specific spectral luminosity distribu-
tion, commonly observed at infinity. The corresponding

5 The possible existence of exotic compact objects is not excluded,
as BH candidates alone cannot explain observations, i.e., they are
still not able to probe the geometry in proximity to astrophysical
sources. Remarkable examples are gravitational waves emitted
from the inspiral of binary BHs [47], star motion near the galactic
center [48], supermassive BH shadows [3], etc.
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information one obtains would be enough to character-
ize both the BH central objects in terms of mass and
fundamental properties and the nature of DM itself [26].

As stated above, choosing the density profile of the
DM envelope that will suffice to approximate a reason-
able matter distribution turns out to be essential in order
to compare the expectations from the presence of PBHs
with respect to a smooth DM contribution.

A. The sphere envelope distribution and system
configuration

Recent computations of the accretion disk luminosity
[44, 45, 49] have shown that a suitable choice for the DM
distribution is offered by the exponential sphere density
(ESD) [56, 57]:

ρESD(r) = ρ0 e
− r

r0 , r ≥ rb . (11)

where ρ0 is the central density value at r = 0, while r0

is the scale radius after which the DM effects become
negligible. In such a scheme, rb represents the inner edge
of the DM envelope, i.e., the boundary separating the
interior vacuum from the exterior region. The interior
region is fully described by the BH gravitational field that
dominates over the other matter contributions. Although
there is no practical indication about the size at which
the inner edge of the DM envelope should be placed, it is
reasonable to consider rb to be greater than the BH event
horizon 2MBH. Moreover, it appears as well clear that
the DM envelope cannot reach r = 0, so we can assume
a constant ρ0 not interfering with the BH configuration
field.

In this study, we shall take the standard approach de-
scribed by Eq. (11) as a reference indicator to investigate
physical observables derived from assuming the DM en-
velope made of PBHs distributed according to Eq. (9).
Taking into account the simplest spherical symmetry on
the DM envelope, one immediately finds the mass of the
DM constituent as

MDM(r) =

∫ r

rb

4πr′2ρ(r′) dr′ . (12)

Neglecting any other contribution, the total mass pro-
file of the system composed by the presence of internal
BH in addition to the DM envelope can be thus written
as follows:

M(r) = MBH +MDM(r) , rb ≤ r ≤ rs, (13)

where rs can be identified with the surface radius of the
DM envelope. The latter quantity will enter as a free
parameter in the TOV equations once we compute them
to obtain the accretion disk luminosity. Throughout the
paper, we use geometrized units such that G = c = 1.

Therefore, applying Eq. (12) to the PBH density pro-
file (9) yields

M
(PBH)
DM (r) =

M∗

R
3/5
∗

(
r3/5 − r3/5

b

)
, r > rb . (14)

On the other hand, for the reference ESD model (11)
we obtain

M
(ESD)
DM (r) = 6M0e

− rb
r0

[
g(rb)− e

rb−r

r0 g(r)
]
, r > rb ,

(15)

where M0 = 4
3πr

3
0ρ0 and g(r) ≡ 1 + r

r0
+ r2

2r20
.

B. Relativistic effects and symmetry of the system

Adopting general relativity and spherical symmetry,
in [58, 59] astrophysical BHs were used to explain the
features of their observed spectrum6. Relativistic com-
pact objects are naively portrayed as fulfilling symme-
try conditions and numerical matching between the ex-
terior and interior solutions, by solving hydrodynamic
equilibrium equations for the matter contained in the
interior [64]. Without limiting to BHs, also compact
and/or exotic stable compact objects can be featured by
virtue of the above picture, leading to the still open is-
sue that such massive objects may be DM condensates
[65]. Intriguingly, depending on the DM nature, the
above symmetry provides a non-vanishing pressure term,
whose consequences can be investigated either in cosmo-
logical contexts (e.g. [66]), or in relativistic astrophysics
(e.g. [67]). This standard approach, however, is limited
due to the appearance of singularities where general rela-
tivity fails to be predictive [68], and quantum gravity may
be adopted as large fields are involved in the scheme7 [72].

Therefore, to study the properties of the system mod-
elled as we depicted above, we consider the metric

ds2 = eη(r)dt2 − eλ(r)dr2 − r2
(
dθ2 + sin2 θ dϕ2

)
, (16)

where (t, r, θ, ϕ) are the time and spherical coordinates,
η(r) and λ(r) are the sought metric functions.

From (16) we thus find the TOV equations for the DM
envelope:

dP (r)

dr
= − (ρ(r) + P (r))

M(r) + 4πr3P (r)

r(r − 2M(r))
, (17)

dη(r)

dr
= − 2

ρ(r) + P (r)

dP (r)

dr
, (18)

where P (r) and ρ(r) are the DM pressure and density,
respectively, and the mass M(r) is given by Eq. (13). The

6 Alternative approaches have been carried out with BHs in vac-
uum, for instance adopting the Kerr metric [60, 61]. Recently,
the interest is shifted to accretion disks in a geometry that de-
parts from the Kerr line element also [62, 63].

7 Remarkably, vacuum, static, and axially symmetric solutions,
known as Weyl’s class [69, 70] show curvature singularities at the
infinitely redshifted surface, i.e. at the BH horizons [71]. Even
though singularities occur, such a class of solutions describes
the exterior field of static and axially symmetric exotic compact
objects, if one assumes a corresponding boundary placed at a
distance outside the singularity.
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other unknown coefficient of the metric (16), i.e. grr, is
well known to satisfy

eλ(r) =

(
1− 2M(r)

r

)−1

. (19)

To summarize, in our approach we consider the cen-
tral object, surrounded by an external cloud, and the
accretion disk. The latter lies on the equatorial plane
and, consequently, its symmetry breaks the one provided
by the spherical cloud. In this respect, the accretion
disk appears fully non-spherical, prompting instead an
axisymmetric configuration, made up of the matter par-
ticles that fuel the accretor itself. Indeed, the accretion
disk emits radiation, whereas the DM cloud influences
the geodesics of the particles moving on the accretion
disk. Therefore, our analysis is based on two main as-
sumptions: particles approximately move along geodesics
since the DM influence is negligible; the accretion disk is
smaller than the 10% of the object that generates it, as
argued in [73].

C. Boundary conditions

Our system is described by a static metric under
the spherical layer of DM that represents the envelope
around the BH. Naturally, under the above hypothesis,
the matching between the inner part with the outer one
needs peculiar requirements. Matter should smoothly fill
from the boundary rb up to an external Schwarzschild so-
lution [74]. This fact can be fulfilled by simply requiring
the pressure to vanish at r = rs and continuity on the
mass density. Some more details on this point are raised
in Appendix B.

In view of the aforesaid, at the outer boundary of the
DM envelope, one has to impose conditions over the pres-
sure

P (rs) = 0 , (20)

stating that the DM pressure vanishes at the most ex-
ternal surface of the galaxy. Moreover, the mass of the
vacuum exterior will be M(rs).

In addition, as boundary for η(r), we will consider

η(rb) = ln

(
1− rg

rb

)
. (21)

It is worth noticing that, if one asks for a smooth
matching between (16) and a Schwarzschild interior BH,
then P (r) should vanish at r = rb too.

However, the DM density is not zero at r = rb, suggest-
ing the matching condition over the pressure cannot give
P (rb) = 0. To clarify this point, we can invoke the New-
tonian limit. There, non-continuous matching between
interior and exterior is not possible and, consequently,
fulfilling the Newtonian suggestion, P (rb) 6= 0 even in
our relativistic case. This prevents an un-physical jump

at the boundary, i.e., the eventual pressure discontinu-
ity from zero to a non-zero value of P (r), and avoids de
facto disagreement with current observations that seem
not to indicate thermodynamic discontinuities in spiral
galaxies.

This problem can be healed by assuming the presence
of a massive surface layer at rb [75]. Thus, as the corre-
sponding pressure cannot be zero, we assume P (rb) 6= 0.

The TOV equations do not possess analytical solu-
tions, so we need to proceed numerically. This task in
principle is not straightforward to implement, as the nu-
merical solutions fail to converge for particular sets of
boundaries, due to the superlinear behavior with respect
to P (r) in (17). Motivated by the study of [45], we
set the following indicative numerical values: MBH =
5 × 108M� ≈ 4.933 AU8, rb = 5.5M� ≈ 27.133 AU,
r0 = 10 AU, rs = 220 AU and ρ0 = 10−5 AU−2. More-
over, as for the PBH distribution, we assume h0 = 0.7
and z ' 0 in our computations.

IV. ACCRETION DISK LUMINOSITY

In our treatment, particles follow circular geodesics in
the equatorial plane θ = π

2 . We also assume that PBHs
behave as identical particles with the same properties. As
the metric is static, the energy is conserved, and the disk
will be characterized by particles with specific angular
momentum and angular velocity, which depend on the
distance from the central BH.

To determine the accretion disk luminosity, we need to
define the radiative flux, i.e. the energy radiated per unit
area per unit time, which is emitted by the accretion disk
[76]:

F(r) = − ṁ

4π
√
g

ω,r
(E − ω`)2

∫ r

ri

dr′ (E − ω`)`,r′ , (22)

where the dot indicates the time derivative, and the
comma denotes the derivative with respect to the sub-
sequent specified variable. Here, ṁ is the mass accretion
rate, g is the determinant of the metric tensor, E is the
energy per unit mass, while ω and ` are the orbital angu-
lar velocity and momentum per unit mass, respectively.
Furthermore, ri is the radius of the inner edge of the disk,
obtained from the condition `,r = 0.

Our investigation does not involve observable data, but
rather we shall simulate the shapes of luminosity related
to how DM influences the accretion disk properties. The
corresponding model is therefore chosen to be the sim-
plest one, i.e. Novikov-Thorne, that appears physically
well-motivated, as previously stressed.

Furthermore, we assume that DM is approximately
static around BHs. Clearly, this happens since the accre-
tion disk rate is shorter than DM falling into the BH it-
self. The approximation appears well motivated since we

8 1 astronomical unit (AU) ≈ 8.9 × 1023M� pc−3.
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are claiming that DM does not contribute to BH masses,
which is reasonable if we focus on short time intervals. In-
deed, after long periods, this approximation breaks down
and so to avoid possible misleading considerations, we
take the mass rate, namely ṁ, roughly constant, while
the accretion disk produces luminosity and flux.

In the equatorial plane, we have

ω(r) =

√
− gtt,r
gϕϕ,r

, (23)

`(r) = −uϕ = −uϕgϕϕ = −ω utgϕϕ , (24)

E(r) = ut = utgtt, (25)

ut(r) =
1√

gtt + ω2gϕϕ
. (26)

where ut and uϕ are the covariant time and angular com-
ponents of the four-velocity, respectively. In order to bet-
ter display our results, it turns convenient to work with
the following dimensionless functions: ω̃(r) ≡ Ms ω(r)

and ˜̀(r) ≡ `(r)/Ms, where Ms = M(rs).
Another useful quantity to consider, rather than the

indirectly observable flux, is the luminosity reaching the
observer at infinity, L∞, defined through [58, 59]

dL∞
d ln r

= 4πr
√
g E F(r) . (27)

Assuming that the accretion disk gas behaves as a per-
fect blackbody, one then finds the spectral luminosity
observed at infinity [64]:

νLν,∞ =
15

π4

∫ ∞
ri

d ln r

(
dL∞
d ln r

)
(uty)4/F̃

euty/F̃1/4 − 1
, (28)

where y ≡ hν
kBTc

, with h being the Planck constant, Tc
the characteristic temperature, ν the emitted radiation
frequency and kB the Boltzmann constant. We have also
defined F̃(r) = M(rs)

2F(r).
Hence, using Eq. (27), we can write Eq. (28) as

νLν,∞ =
60

π3

∫ ∞
ri

dr

√
g E
M2
s

(uty)4

euty/F̃1/4 − 1
. (29)

Concerning the use of accretion disk luminosity, we
want to stress that emission lines from the central re-
gions give hints about the strong gravity regime and,
consequently, provide information on the accretor itself.
Among the ones in the X-ray spectrum, theKα line at 6.4
keV is the most relevant [77]. Due to its broadening fea-
tures, such a line represents an outstanding probe for the
geometry around central BHs and/or in general around
accretors [78]. Clearly, the presence of a PBH envelope
will affect also the Kα line, since a matter distribution
close to BHs alters the broadening of the line. This will
be thus a source of few uncertainties in measuring the
BH mass.

5 10 15 20 25 30 35 40
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FIG. 1. Radiative flux of the accretion disk normalized to
10−5 as a function of the radial distance for different PBH
fractions and masses, compared to the prediction of the ESD
model.
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FIG. 2. Differential luminosity of the accretion disk normal-
ized to 10−2 as a function of the radial distance for different
PBH fractions and masses, compared to the prediction of the
ESD model.

V. THEORETICAL RESULTS

We performed our numerical computation by focussing
on a set of four values of PBH fractions, fPBH =
(10−3, 10−2, 10−1, 1), corresponding to which a broad
range of PBH masses has been considered. From the
solutions of the TOV equations, we found that the combi-
nations of PBH fractions and masses that are consistent
with theoretical expectations are those shown in Figs.
(1)-(3). In fact, all other choices of MPBH for each fPBH

value are characterized by either integration issues or ob-
servational curves that are severely discrepant with re-
spect to the reference ESD model.

From Figs. (1) and (2) we note that the flux and lu-
minosity peaks tend to increase as the more PBH frac-
tion is considered. Interestingly, our results suggest that
lower PBH fractions prefer higher PBH masses. Also, it is
worth noting the remarkable case offered by the combina-
tion fPBH = 1 and MPBH = 106M�, which is capable of
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FIG. 3. Spectral luminosity as a function of the radiation frequency for different PBH fractions and masses, compared to the
prediction of the ESD model. The right panel shows a zoom on the corresponding peak.

reproducing very closely the features of the ESD model.
The spectral luminosity shown in the left panel of Fig.

(3) apparently does not provide remarkable indications.
However, the closer focus around the peak region in the
right panel of Fig. (3) indicates slight departures among
the curves mostly evident for log(y) & −1, with a relative
change in the spectral luminosity . 5%. Again, the result
that better matches the ESD expectation is achieved for
fPBH = 1 and MPBH = 106M�.

The kinematic quantities involved in our picture (see
Appendix A) confirm what we stated above. In particu-
lar, Fig. (4) shows that the energy tends to decrease for
lower PBH densities as the source to fuel DM. Also, the
matching between fPBH = 1 and MPBH = 106M� curve
with the ESD prediction is clearly the best one that we
obtain at all radii.

On the other hand, the orbital angular momentum (see
Fig. (5)) curves are hardly appreciable at large distances,
while the angular velocity curves are practically indistin-
guishable among them (see Fig. (6)). This fact represents
a limitation of the theoretical setup that one should over-
come in order to detect any significant modification in-
duced by the presence of PBHs.

Finally, we can check the consistency of our results
in light of current observations. Specifically, the most
recent constraints on the DM abundance by the Planck
Collaboration [79] suggest

ρDM ' 3.2 · 10−8M�/pc3 . (30)

Comparing the latter to ρPBH = nPBHMPBH by means
of Eq. (2), within our assumptions, we obtain fPBH ' 1.
This remarkably matches our theoretical prediction, im-
plying that the hypothesis of PBHs as DM candidates is
compatible with the current understanding of DM prop-
erties. In particular, Eq. (30) shows that there are large
enough overdensities capable of clustering and forming
the expected halos, in analogy with the hypothesis of as-
suming DM to be made of particles that are not predicted
by the standard model of particle physics [80].

VI. OUTLOOK AND PERSPECTIVES

In this study, we considered the hypothesis that PBHs
constitute a fraction of the DM envelope surrounding a
supermassive BH placed at the center of a generic spiral
galaxy.

To describe the whole system, we fixed the geometry
of the galaxy according to spherical symmetry, modelling
the bulge with a Schwarzschild solution and the rest by
means of a TOV spacetime. Boundary conditions on the
galaxy configuration have been discussed, together with
the strategy to solve the TOV equations.

We thus analyzed the physical properties of the ac-
cretion disk, investigating how it gets modified due to
the presence of PBHs. To this purpose, we modelled
a suitable PBH density profile taking into account the
two-point correlation function of PBH halos. Therefore,
through the Novikov-Thorne luminosity, we evaluated
the flux, energy, angular velocity and momentum of the
accretion disk under the assumption of negligible mass
loss.

Bounds on the PBH abundance and mass were inferred
by comparing our theoretical predictions with the out-
comes provided by the ESD profile. We found that the
most suitable PBH mass range is (106 − 1012)M� for
fPBH ∈ [10−3, 1], with the best-matching configuration
given by fPBH = 1 and MPBH = 106M�.

From our results, we can conclude that including PBHs
would clearly modify the spectral properties of a galaxy.
The corresponding accretion disk luminosity seems to
favour large fractions of PBHs with corresponding masses
that are the smallest ones within the range of all suit-
able possibilities. Clearly, our theoretical findings rely
on the initial settings and depend on the galaxy struc-
ture model, and the numerical solutions of the TOV
equations. Likely, more refined and realistic analyses,
based on specific galaxies, may be able to provide us with
more accurate bounds. Nevertheless, the behaviours of
all curves show how we expect the PBHs would modify
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FIG. 4. Energy as a function of the radial distance for differ-
ent PBH fractions and masses, compared to the prediction of
the ESD model.

observations related to the accretion disk luminosity.

In this regard, our approach may represent a tool to re-
strict viable windows of abundances and masses of PBHs,
even if based on a toy-model scenario relying on the use
of the Novikov-Thorne luminosity. Alternative scenarios
requiring additional efforts will be investigated in future
works.
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Appendix A: Kinematic quantities

In this appendix, we display the behaviour of the kine-
matic quantities related to the accretion disk as a func-
tion of the radial distance from the central BH.

Appendix B: Matching with the external solution

In some recent studies [44, 45, 49] it was pointed out
that the vanishing pressure at the surface radius, rs, re-
quires the condition η(rs) + λ(rs) = 0 to hold. However,
the numerical solution ηn(rs) emerging from the TOV
equations does not satisfy such constraint and, thus, a
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FIG. 5. Angular momentum as a function of the radial dis-
tance for different PBH fractions and masses, compared to
the prediction of the ESD model.
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FIG. 6. Angular velocity as a function of the radial distance
for different PBH fractions and masses, compared to the pre-
diction of the ESD model. The right panel shows a zoom on
large distances.

possible choice is to redefine the function η as

ηr(r) = ηn(r)−
[
ηn(rs)− ln

(
1− 2M(rs)

rs

)]
r − rb
rs − rb

.

(B1)
The above function, in fact, fulfills the boundary con-

ditions eη(r) = 1 − rg
r at r = rb and eη(r) = 1 − 2M(rs)

r
at r = rs. However, this strategy suffers from two main
shortcomings. Indeed, redefining η(r) implies modifica-
tions of the pressure and density, which would not be
anymore solutions of the original TOV equations. Actu-
ally, that choice for η is not strictly required to satisfy
Israel’s conditions for a smooth matching with a spherical
vacuum solution [75]. To guarantee, in fact, the match-
ing between the interior and exterior galaxy regions, one
needs only to assume P (rs) = 0 and the continuity of
mass (see e.g. [81]). For these reasons, in the present pa-
per, we consider η as obtained from the TOV solutions,
without any additional reparametrization.
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