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Constraints on primordial black holes in the range 10−18 M⊙ to 103 M⊙ are reevaluated for a general class
of extended mass functions. Whereas previous work has assumed that PBHs are produced with one single
mass, instead there is expected to be a range ofmasses even in the case of production from a singlemechanism;
constraints therefore change from previous literature. Although tightly constrained in the majority of cases, it
is shown that, even under conservative assumptions, primordial black holes in the mass range 10−10 M⊙ to
10−8 M⊙ could still constitute the entirety of the dark matter. This stresses both the importance for a
comprehensive reevaluation of all respective constraints that have previously been evaluated only for a
monochromatic mass function and the need to obtain more constraints in the allowed mass range.
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I. INTRODUCTION

Primordial black holes (PBHs) are black holes produced
in the early Universe, and have received considerable
attraction since they were proposed more than four decades
ago [1,2]. In principle, they can span a huge range of mass
scales—from as low as the Planck mass to many orders of
magnitude above the solar mass. They are unique probes of
the amplitude of the density fluctuation on the very small
scales of their production.
With the milestone discovery of the LIGO and VIRGO

Collaboration of black-hole binarymergers [3,4], the interest
in the question of whether PBHs could constitute the dark
matter (DM) [5] has recently been revived [6–20].
Depending on the mass scale(s) involved, the black holes
potentially cause large observable effects. For the casewhere
all PBHs have one single mass (monochromatic mass
function) somewhere in the range 10−18 M⊙ to 103 M⊙,
Fig. 1 summarizes the strongest constraints from previous
literature at each value of possible PBH mass. The figure
caption lists the physical effects and provides respective
references.
Most of the constraints derived in the literature, including

those in Fig. 1, are subject to the (at best oversimplifying)
assumption that PBH formation occurs monochromatically,
i.e., at one particular mass scale only, despite the fact that
PBHmass spectra are generically extended due to the nature
of the gravitational collapse leading to their formation
[30–36]. This incorrect assumption can lead to large errors
in the prediction of the PBH abundance (cf. Ref. [36]). It
should be stressed that, given the current constraints

displayed in Fig. 1, any monochromatic scenario of 100%
PBHdarkmatter is strictly excluded. This statement crucially
relies on the validity of the constraints used in this work.
However, some of these have been disputed. For instance,
those deriving from neutron-star capture of black holes [24]
are challenged due to uncertainties in the amount of
dark matter inside globular clusters (cf. Refs. [37,38]).
Furthermore, the bounds from PBH accretion [29,39,40]
rely on highly model-dependent and relatively insecure
assumptions (spherically symmetric Bondi accretion, etc.).
Also, they depend on the so-called duty-cycle parameter
whose exact value varies significantly in the relevant liter-
ature. Hence, monochromatic scenarios of 100% of PBH
dark matter might still be allowed. In this article, however,
our point is to investigate whether—even if these stringent
constraints (to which we will refer as “conservative”) are
taken at face value—extended mass functions still allow for
the possibility that the entirety of the dark matter consists
of PBHs.
In this paper we reconsider the bounds on primordial

black-hole dark matter in the range 10−18 M⊙ to 103 M⊙
for a wide class of extended mass functions. All realistic
cases with extended mass spectra require a rederivation of
the constraints and an integration of these over the whole
mass range; this will be done in the present work.

II. PRIMORDIAL BLACK-HOLE FORMATION

There is a plethora of scenarios which lead to the
formation of PBHs. All of these require a mechanism to
generate large overdensities. In many scenarios, these
overdensities are of inflationary origin [41–43]. After
reentering the horizon, they collapse if they are larger
than a (medium-dependent) threshold, where the case of
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radiation domination is the one most often considered in the
literature. Many more possibilities for PBH formation exist,
such as those where the source of the inhomogeneities are
first-order phase transitions [6], bubble collisions [44,45],
the collapse of cosmic strings [46,47], necklaces [48] or
domain walls [49].
As mentioned above, in general, one encounters

extended PBH mass spectra rather than PBHs of a single
mass. The reason is twofold: On the one hand, the initial
spectrum of overdensities is already extended in essentially
all of the models mentioned above. On the other hand, even
if the initial density spectrum was monochromatic, the
phenomenon of critical collapse [7] will inevitably lead to a
PBH mass spectrum which is spread out, shifted towards
lower masses and lowered, leading to potentially large
effects (cf. Ref. [36]).

III. BOUNDS FOR EXTENDED MASS FUNCTIONS

The derivation of bounds for extended mass functions is
strictly speaking always subject to a specific model, such as
the axion-curvaton model [50–52], the hybrid-inflation
model [53,54], or the running-mass model [55–60],

just to mention a few (cf. Ref. [17] for an extensive
overview). Therefore, it seems hopeless to draw any
model-independent conclusions in this regard. However,
it is indeed quite possible at an approximate level. As has
been pointed out recently by Green [20], a PBH mass
function with derivative

dn
dM

≡ N exp

�
−
ðlogM=MfÞ2

2σ2f

�
; ð1Þ

fits a very large class of inflationary PBH models reason-
ably well (cf. Refs. [61–63] for the derivation and use of
log-normal mass functions) [64]. Above, N is a normali-
zation constant chosen such that the integral of dn=dM over
all masses is equal to 1. As a function of M, the rhs of
Eq. (1) is peaked at Mf; its width is controlled by σf. In
practice, for each pair of parameters ðσf;MfÞ, a given set of
constraints needs to be evaluated on the whole mass range,
which then yields a limit on the PBH content.
The observational constraints which are included in our

analysis are all of those stated in the caption of Fig. 1,
adapted for the extended mass function Eq. (1) which we
use throughout the rest of our paper.

IV. NEUTRON-STAR CAPTURE

Primordial black holes captured by neutron stars (NS)
generically lead to the rapid destruction of the NS. Hence,
the observations of neutron stars pose constraints on the
PBH abundance. For a monochromatic mass spectrum, it
has been argued in Ref. [24] on the basis of a sufficiently
large neutron-star survival probability that the constraint
can be phrased as

1 ≥ ftNSF0; ð2Þ

with the PBH dark-matter fraction f ≡ ρPBH=ρDM. Here, tNS
is the age of the star. The capture rate F0 inside of a globular
cluster (with core dark-matter density ρDM;GC) reads

F0 ¼
ffiffiffiffiffiffi
6π

p ρDM;GC

M
2GNMNSRNS

v̄ð1 − 2GNMNS=RNSÞ

×

�
1 − exp

�
−
3Eloss

Mv̄2

��
; ð3Þ

with GN being Newton’s constant, v̄ is the dispersion of the
assumed Maxwellian velocity distribution of the PBHs, RNS
is the radius of the neutron star, andMNS itsmass. Finally, the
average energy loss Eloss is approximately given by

Eloss ≃ 58.8G2
NM

2MNS

R2
NS

: ð4Þ

In the case of an extended mass distribution, the bound
given in Eq. (2) changes. Let Ibin ∈ N denote the number of

FIG. 1. Summary of previous literature for the idealized case in
which the entire PBH dark matter consists of PBHs of a single
massM (monochromatic mass function): the constraint “curtain”
on the dark-matter fraction f ≡ ρPBH=ρDM for a variety of effects
associated with PBHs of massM in units of solar massM⊙. Only
the strongest constraints are included. We show constraints from
extragalactic γ rays from evaporation (EG) [21], femtolensing of
γ-ray bursts (F) [22], white-dwarf explosions (WD) [23], neutron-
star capture (NS) [24], Kepler microlensing of stars (K) [11],
MACHO/EROS/OGLE microlensing of stars (ML) [25] and
quasar microlensing (ML) [26], millilensing of quasars (mLQ)
[27], pulsar timing (PT) (SKA forecast) [28], and accretion
effects on the optical thickness (τ) [29]. More details can be found
in [17]. Whereas these constraints are only valid for the case of a
monochromatic mass function, instead all realistic cases with
extended mass spectra require a rederivation of those constraints
and an integration of these over the whole mass range; this will be
done in the present work.
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bins f½Mi;Miþ1�; i ≤ Ibing. Then, for a given distribution
specified by some dn=dM, we have

1≳XIbin
i¼1

tNSfF
ðiÞ
0

Z
Miþ1

Mi

dM
dn
dM

; ð5Þ

whereFðiÞ
0 is evaluated on amasswithin each bin, and the bin

number Ibin should be chosen such that, to the precision
sought, it does not matter where exactly in each bin the
quantityF0 is evaluated. For the evaluations of the constraint
we use the parameter valuesMNS ¼ 1.4 M⊙,RNS ¼ 12 km,
ρDM;GC¼2×103GeVcm−3, tDM¼1010 yr, and v̄¼7kms−1,
as given in Ref. [24].
Of course, in reality, these parameters are subject

to variations. Hence, for the most realistic treatment
of the neutron-star capture constraints, their respective
distributions—if known—would have to be taken into
account and convoluted with that of the PBH mass [65].
While the neutron-star mass appears to be narrowly
peaked around the used value of 1.4 M⊙, some (e.g. the
velocity) have a larger variance. In particular, the dark-
matter density inside globular clusters might be an order of
magnitude smaller than the assumed value of ρDM;GC ¼
2 × 103 GeVcm−3. This would significantly weaken—if
not entirely remove—the whole neutron-star capture con-
straints, leading others (e.g. [38]) to dismiss these bounds
altogether. Since our goal is to find the PBH mass ranges
that survive even the strongest bounds, we feel it is
appropriate to use the neutron-star capture constraints with
the standard assumptions about the parameters.

V. PULSAR TIMING

The authors of Ref. [28] argue that the abundance of
1–1000 M⊙ PBHs might be considerably constrained via
the nondetection of a third-order Shapiro time delay as the
PBHs move around the Galactic halo. They presented
the results of a respective Monte Carlo simulation leading
to a forecast for the Square Kilometre Array (SKA) which
approximately follows an f ∼M1=3 scaling. More pre-
cisely, and adopted to an extended PBH spectrum, the
respective constraint might be written in the form

1≳XIbin
i¼1

�
~Mi

1 M⊙

�1=3

f
Z

Miþ1

Mi

dM
dn
dM

; ð6Þ

where ~Mi is some mass within each bin. As before, Ibin
should be chosen sufficiently large.

VI. ACCRETION EFFECTS

As first analyzed by Carr [66], in the period after
decoupling, PBH accretion and emission of radiation might
have a strong effect on the thermal history of the Universe.
Ricotti et al. [29] have analyzed this possibility in detail.

In particular, it has been discussed that one associated
effect of PBH is that they increase the optical thickness
τ → τ þ ðΔτÞPBH which leads to

1≳XIbin
i¼1

17.4

�
~Mi

1 M⊙

�2

f
Z

Miþ1

Mi

dM
dn
dM

; ð7Þ

which is valid in the mass range ½30 M⊙; 103 M⊙�. In
Eq. (7), we utilize the latest Planck constraint ðΔτÞPBH <
0.012 (95% C.L.) as in Ref. [67].

VII. OTHER BOUNDS

For the bounds from extragalactic γ rays from evapora-
tion, white-dwarf explosions, and lensing, we use a similar
method to the one in Ref. [17]. This allows us to
approximately determine, from constraints calculated
assuming a delta-function halo fraction, whether an
extended mass function is allowed. This method utilizes
binning of the relevant mass range. Specifically, a given
constraint fc is first divided into locally monotonic pieces.
In each of these pieces one starts with the bin, say i, where
the constraint is smallest, and integrates dn=dM in this bin
in order to obtain the fraction fi. Then one goes to the next
bin, integrating over ½Mi;Miþ1� in order to obtain fiþ1, and
so on. In the original formulation of Ref. [17], each fj is
then compared to the largest value of fc in this bin (where
the constraint is weakest). Recently, Green [20] pointed out
that there may be cases where this procedure underesti-
mates the constraint.
In this work, in order to avoid such a possible issue,

instead of using the largest value of fc, we will use the
smallest one in each bin (where the constraint is weakest).
This may overestimate the constraint, but for the smooth
mass functions given by Eq. (1) and the constraint used, by
making the bins small enough, the error can be made
arbitrarily small, and in particular much smaller than the
error of using Eq. (1) instead of the actual mass function of
a given model [68].

VIII. RESULTS

Figure 2 shows our main results for the constraints on the
amount of PBH dark matter in the ðσf;MfÞ-plane using the
distribution given by Eq. (1). Here, the value of Mf, at
which this distribution peaks, lies between 10−16 M⊙ and
103 M⊙, and its width σf ∈ ½0.2; 2�. The region enclosed
by the red dashed contour in the middle of the plot around
10−9 M⊙ indicates the possibility for a PBH dark-matter
fraction of 100%. This is not possible outside this narrow
region, and excludes a too narrow mass function (σ ≲ 0.4),
which in particular applies to the monochromatic case.
Hence almost all of the parameter space does not allow
for 100% PBH dark matter, given the validity of the very
stringent bounds in the mass range under investigation.
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As mentioned in the Introduction, it should be stressed that
several of these constraints are based on rather uncertain
assumptions (such as those deriving from accretion, neutron-
star capture, or ultrafaint dwarfs), and might be weakened
significantly once a more elaborated treatment of those has
been performed. However, even if all the mentioned con-
straints are taken at face value, in the middle of theMf axis,
there remains a region, and therefore a class ofmodels, with a
necessarily extended mass function, which still allows for
PBHs to constitute all of the dark matter [69].

IX. SUMMARY AND OUTLOOK

In this paper we have presented the results of our
systematic investigation of constraints for a wide class
of extended mass functions in the mass range 10−18 M⊙ to
103 M⊙. For these results, which are visualized in Fig. 2,
very restrictive constraints on and forecasts for the allowed
abundance of PBHs (as summarized in Fig. 1) have been
used. Hence, Fig. 2 provides an approximate lower bound
on the allowed PBH dark-matter fraction.
We confirm the results of Ref. [17] that there still is a

window in the mass range 10−10 M⊙ to 10−8 M⊙ which
can accommodate for 100% PBH dark matter. Apart from
the possibility of Planck-mass relics, to pose new con-
straints in the mentioned mass window seems to be crucial
for providing an answer to the question of whether
primordial black holes can constitute the entirety of the
dark matter.

ACKNOWLEDGMENTS

It is a pleasure to thank Alexander Dolgov, Benjamin
Horowitz, Alexander Kashlinsky, and Peter Klimai for
helpful comments. K. F. acknowledges support from
Department of Energy (DoE) Grant No. DE-SC0007859
at the University of Michigan as well as support from the
Michigan Center for Theoretical Physics. K. F. and F. K.
acknowledge support by the Vetenskapsrådet (Swedish
Research Council) through Contract No. 638-2013-8993
and the Oskar Klein Centre for Cosmoparticle Physics.

[1] Y. B. Zel’dovich and I. D. Novikov, Sov. Astron. 10, 602
(1967).

[2] B. J. Carr and S.W. Hawking, Mon. Not. R. Astron. Soc.
168, 399 (1974).

[3] B. P. Abbott et al. (Virgo, LIGO Scientific Collaborations),
Phys. Rev. Lett. 116, 061102 (2016).

[4] B. P. Abbott et al. (Virgo, LIGO Scientific Collaborations),
Phys. Rev. Lett. 116, 241103 (2016).

[5] G. F. Chapline, Nature (London) 253, 251 (1975).
[6] K. Jedamzik, Phys. Rev. D 55, R5871 (1997).
[7] J. C. Niemeyer and K. Jedamzik, Phys. Rev. Lett. 80, 5481

(1998).
[8] K. Jedamzik, in Proceedings, 3rd International Heidelberg

Conference on Dark matter in Astro- and Particle
Physics (DARK 2000): Heidelberg, Germany, 2000 (2000),
pp. 289–296.

[9] P. H. Frampton, M. Kawasaki, F. Takahashi, and
T. T. Yanagida, J. Cosmol. Astropart. Phys. 04 (2010)
023.

[10] F. Capela, M. Pshirkov, and P. Tinyakov, Phys. Rev. D 87,
023507 (2013).

[11] K. Griest, A. M. Cieplak, and M. J. Lehner, Astrophys. J.
786, 158 (2014).

[12] K. M. Belotsky, A. D. Dmitriev, E. A. Esipova, V. A. Gani,
A. V. Grobov, M. Yu. Khlopov, A. A. Kirillov, S. G. Rubin,
and I. V. Svadkovsky, Mod. Phys. Lett. A 29, 1440005
(2014).

[13] S. Young and C. T. Byrnes, J. Cosmol. Astropart. Phys. 04
(2015) 034.

[14] P. H. Frampton, Mod. Phys. Lett. A 31, 1650093 (2016).
[15] S. Bird, I. Cholis, J. B. Muñoz, Y. Ali-Haïmoud, M.

Kamionkowski, E. D. Kovetz, A. Raccanelli, and A. G.
Riess, Phys. Rev. Lett. 116, 201301 (2016).

[16] M. Kawasaki, A. Kusenko, Y. Tada, and T. T. Yanagida,
arXiv:1606.07631.

[17] B. Carr, F. Kuhnel, and M. Sandstad, Phys. Rev. D 94,
083504 (2016).

[18] A. Kashlinsky, Astrophys. J. 823, L25 (2016).
[19] S. Clesse and J. García-Bellido, arXiv:1603.05234.
[20] A. M. Green, Phys. Rev. D 94, 063530 (2016).
[21] B. J. Carr, K. Kohri, Y. Sendouda, and J. Yokoyama,

Phys. Rev. D 81, 104019 (2010).

FIG. 2. Maximum PBH dark-matter fraction f ≡ ρPBH=ρDM as a
function of σf and Mf for the extended mass function specified in
Eq. (1). The region enclosed by the red dashed contour in themiddle
of the plot indicates the possibility of 100% primordial black-hole
darkmatter (see the legend). Thevarious contours are at log10ðfÞ¼0
ðreddashedlineÞ;−0.2;−0.4;−0.6;−0.8;−1;−2;…;−6.

FLORIAN KÜHNEL and KATHERINE FREESE PHYSICAL REVIEW D 95, 083508 (2017)

083508-4

https://doi.org/10.1093/mnras/168.2.399
https://doi.org/10.1093/mnras/168.2.399
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.241103
https://doi.org/10.1038/253251a0
https://doi.org/10.1103/PhysRevD.55.R5871
https://doi.org/10.1103/PhysRevLett.80.5481
https://doi.org/10.1103/PhysRevLett.80.5481
https://doi.org/10.1088/1475-7516/2010/04/023
https://doi.org/10.1088/1475-7516/2010/04/023
https://doi.org/10.1103/PhysRevD.87.023507
https://doi.org/10.1103/PhysRevD.87.023507
https://doi.org/10.1088/0004-637X/786/2/158
https://doi.org/10.1088/0004-637X/786/2/158
https://doi.org/10.1142/S0217732314400057
https://doi.org/10.1142/S0217732314400057
https://doi.org/10.1088/1475-7516/2015/04/034
https://doi.org/10.1088/1475-7516/2015/04/034
https://doi.org/10.1142/S0217732316500930
https://doi.org/10.1103/PhysRevLett.116.201301
http://arXiv.org/abs/1606.07631
https://doi.org/10.1103/PhysRevD.94.083504
https://doi.org/10.1103/PhysRevD.94.083504
https://doi.org/10.3847/2041-8205/823/2/L25
http://arXiv.org/abs/1603.05234
https://doi.org/10.1103/PhysRevD.94.063530
https://doi.org/10.1103/PhysRevD.81.104019


[22] A. Barnacka, J. F. Glicenstein, and R. Moderski, Phys.
Rev. D 86, 043001 (2012).

[23] P. W. Graham, S. Rajendran, and J. Varela, Phys. Rev. D 92,
063007 (2015).

[24] F. Capela, M. Pshirkov, and P. Tinyakov, Phys. Rev. D 87,
123524 (2013).

[25] P. Tisserand et al. (EROS-2 Collaboration), Astron.
Astrophys. 469, 387 (2007).

[26] E. Mediavilla, J. A. Muñoz, E. Falco, V. Motta, E. Guerras,
H. Canovas, C. Jean, A. Oscoz, and A.M. Mosquera,
Astrophys. J. 706, 1451 (2009).

[27] P. N. Wilkinson, D. R. Henstock, I. W. A. Browne, A. G.
Polatidis, P. Augusto, A. C. S. Readhead, T. J. Pearson, W.
Xu, G. B. Taylor, and R. C. Vermeulen, Phys. Rev. Lett. 86,
584 (2001).

[28] K. Schutz and A. Liu, Phys. Rev. D 95, 023002 (2017).
[29] M. Ricotti, J. P. Ostriker, and K. J. Mack, Astrophys. J. 680,

829 (2008).
[30] M.W. Choptuik, Phys. Rev. Lett. 70, 9 (1993).
[31] T. Koike, T. Hara, and S. Adachi, Phys. Rev. Lett. 74, 5170

(1995).
[32] J. C. Niemeyer and K. Jedamzik, Phys. Rev. D 59, 124013

(1999).
[33] I. Musco, J. C. Miller, and L. Rezzolla, Classical Quantum

Gravity 22, 1405 (2005).
[34] I. Musco, J. C. Miller, and A. G. Polnarev, Classical Quan-

tum Gravity 26, 235001 (2009).
[35] I. Musco and J. C. Miller, Classical Quantum Gravity 30,

145009 (2013).
[36] F. Kuhnel, C. Rampf, and M. Sandstad, Eur. Phys. J. C 76,

93 (2016).
[37] A. Kusenko and L. J. Rosenberg, arXiv:1310.8642.
[38] K. Inomata, M. Kawasaki, K. Mukaida, Y. Tada, and T. T.

Yanagida, arXiv:1701.02544.
[39] Y. Ali-Haïmoud and M. Kamionkowski, Phys. Rev. D 95,

043534 (2017).
[40] B. Horowitz, arXiv:1612.07264.
[41] H. M. Hodges and G. R. Blumenthal, Phys. Rev. D 42, 3329

(1990).
[42] B. J. Carr and J. E. Lidsey, Phys. Rev. D 48, 543 (1993).
[43] P. Ivanov, P. Naselsky, and I. Novikov, Phys. Rev. D 50,

7173 (1994).
[44] M. Crawford and D. N. Schramm, Nature (London) 298,

538 (1982).
[45] S. W. Hawking, I. G. Moss, and J. M. Stewart, Phys. Rev. D

26, 2681 (1982).
[46] C. J. Hogan, Phys. Lett. 143B, 87 (1984).
[47] S. W. Hawking, Phys. Lett. B 231, 237 (1989).
[48] T. Matsuda, J. High Energy Phys. 04 (2006) 017.
[49] V. A. Berezin, V. A. Kuzmin, and I. I. Tkachev, Phys. Lett.

120B, 91 (1983).
[50] D. H. Lyth and D. Wands, Phys. Lett. B 524, 5 (2002).

[51] S. Kasuya and M. Kawasaki, Phys. Rev. D 80, 023516
(2009).

[52] K. Kohri, C.-M. Lin, and T. Matsuda, Phys. Rev. D 87,
103527 (2013).

[53] A. D. Linde, Phys. Rev. D 49, 748 (1994).
[54] S. Clesse and J. García-Bellido, Phys. Rev. D 92, 023524

(2015).
[55] E. D. Stewart, Phys. Lett. B 391, 34 (1997).
[56] S. M. Leach, I. J. Grivell, and A. R. Liddle, Phys. Rev. D 62,

043516 (2000).
[57] M. Drees and E. Erfani, J. Cosmol. Astropart. Phys. 04

(2011) 005.
[58] M. Drees and E. Erfani, J. Cosmol. Astropart. Phys. 01

(2012) 035.
[59] E. Bugaev and P. Klimai, Phys. Rev. D 79, 103511 (2009).
[60] E. Bugaev and P. Klimai, Phys. Rev. D 83, 083521 (2011).
[61] A. Dolgov and J. Silk, Phys. Rev. D 47, 4244 (1993).
[62] A. D. Dolgov, M. Kawasaki, and N. Kevlishvili, Nucl. Phys.

B807, 229 (2009).
[63] S. Blinnikov, A. Dolgov, N. K. Porayko, and K. Postnov,

J. Cosmol. Astropart. Phys. 11 (2016) 036.
[64] In Ref. [20] it is noted that the least-squares fits of Eq. (1) to

the axion-curvaton and running-mass inflation differential
mass functions dn=dM differ from the original ones by less
than 10%, for parameters such that the PBH abundance
peaks at ∼20 M⊙.

[65] We thank the anonymous referee for pointing out the
dependence of the neutron-star capture bounds on variations
of the parameters MNS, RNS, ρDM;GC, tDM, v̄.

[66] B. J. Carr, Mon. Not. R. Astron. Soc. 194, 639 (1981).
[67] L. Chen, Q.-G. Huang, and K. Wang, arXiv:1608.02174.
[68] We explicitly checked that all results in this work are

practically identical irrespective of where in the bin the
constraint is evaluated. This is due to the large bin size and
the smoothness of the mass function (1). Of course, for a
nonsmooth mass function, special care has to be taken, but
this is not relevant for the present analysis.

[69] In the process of finalizing this paper, in Ref. [70] additional
microlensing constraints, using high-cadence observation of
M31 with the Subaru Hyper Suprime-Cam, have been
proposed. While these results still need to be investigated
carefully, if reliable, they would put the currently most
stringent upper bounds on the PBH abundance in the mass
range 10−14–10−6 M⊙. These bounds have very recently
been studied in Ref. [38] using a method similar to the one
used in this work. However, their Fig. 2 merely indicates
whether 100% PBH dark matter is excluded or not in the
mentioned limited low-mass range, whereas our Fig. 2
shows results for the whole mass range 10−18–103 M⊙,
and furthermore indicates the exact value of the allowed
PBH dark-matter fraction.
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