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How open is the asteroid-mass primordial black hole window?
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Abstract

Primordial black holes (PBHs) can make up all of the dark matter (DM) if their mass, m, is
in the so-called ‘asteroid-mass window’, 1017 g < m < 1022 g. Observational constraints
on the abundance of PBHs are usually calculated assuming they all have the same mass,
however this is unlikely to be a good approximation. PBHs formed from the collapse
of large density perturbations during radiation domination are expected to have an
extended mass function (MF), due to the effects of critical collapse. The PBH MF is often
assumed to be lognormal, however it has recently been shown that other functions are a
better fit to numerically calculated MFs. We recalculate both current and potential future
constraints for these improved fitting functions. We find that for current constraints the
asteroid-mass window narrows, but remains open (i.e. all of the DM can be in the form of
PBHSs) unless the PBH MF is wider than expected. Future evaporation and microlensing
constraints may together exclude all of the DM being in PBHs, depending on the width
of the PBH MF and also the shape of its low and high mass tails.
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1 Introduction

Primordial black holes (PBHs) may have formed in the early Universe [1-3] and are a po-
tential dark matter (DM) candidate. The most commonly-studied PBH formation mechanism
is the collapse of large density fluctuations generated by inflation. The abundance of PBHs
is constrained by observations over a wide range of PBH masses (see Refs. [4-7] for recent
reviews). Under standard assumptions, PBHs can only account for all the DM if their mass m
lies in the range 10'7 g < m < 10?2 g, often referred to as the ‘asteroid-mass window’. Lighter
PBHs making up all of the DM is excluded by limits on the products of their evaporation, while
planetary and Solar mass PBHs are excluded by microlensing and other observations.

Typically observational constraints are calculated assuming that PBHs have a delta-function
mass function (MF). However, PBHs formed from the collapse of large density perturbations
are expected to have an extended mass function. Due to critical collapse, the mass of a PBH
depends on both the horizon mass and the amplitude of the density fluctuation from which
it forms. Consequently even if PBHs all form at the same time, from a narrow peak in the
primordial power spectrum, they have a range of masses [8-10]. Furthermore, the peaks in
the primordial power spectrum that are produced by concrete inflation models, for instance
hybrid inflation with a mild waterfall transition [11], can be broad.

With an extended PBH MF the constraints are ‘smeared out’; for each constraint the tightest
limit on the fraction of DM in the form of PBHs, fppy, is weakened, however the range of peak
masses’ for which fpp; = 1 is excluded is wider [12-14]. Refs. [12-14] calculated constraints
on PBHs with a lognormal ME which provides a reasonable fit to the MFs found for PBHs
produced by various inflation models [12,15]. However, Gow et al. [16] found that the MFs
they calculate are better fit by other functions, specifically a skew-lognormal distribution and a
form motivated by critical collapse. As Gow et al. [16] mention, the shape of the low mass tail
is important when considering evaporation constraints on PBHs with MFs which peak in the
asteroid-mass window. It is important to ascertain how the extent to which the asteroid-mass
window remains open (i.e. for what range of peak masses fppy = 1 is allowed) depends on
the shape of the PBH ME

We recalculate constraints on fppyy in the asteroid-mass window for the MF fitting functions
presented in Ref. [16]. Sec. 2 presents the constraints we consider, the fits to the PBH MF that
we use and their time evolution, and the method for applying the constraints to extended mass
functions. We present the current and prospective future constraints on PBHs with extended
MFs in Sec. 3 and conclude with discussion in Sec. 4.

2 Method

In Sec. 2.1 we overview the (current and proposed future) evaporation and stellar microlensing
constraints that we use. In Sec. 2.2 we overview the best-performing MF fitting functions from
Ref. [16] and the evolution of the MF due to evaporation, and in Sec. 2.3 we outline how the
constraints are applied to extended mass functions.

2.1 Constraints on PBHs around the asteroid-mass window

The constraints on PBHs with masses m < 10'7 g and m 2 10?2 g arise from PBH evaporation
via Hawking radiation (Sec. 2.1.1) and stellar microlensing (Sec. 2.1.2) respectively. The
constraints that we consider (both existing and prospective) are shown in Fig. 1 for a delta-
function PBH ME

Here and throughout peak mass refers to the mass at which the mass function is maximal.
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2.1.1 PBH evaporation

PBHs formed from the collapse of large density perturbations rapidly lose angular momentum
and charge [17,18]. Hawking [19,20] showed that a non-rotating, uncharged black hole (BH)
of mass m radiates with a temperature

hc® m \!
kBTBH = m = 106(@) MeV, (1)

where c is the speed of light, G is the gravitational constant, # is the reduced Planck constant
and kg is the Boltzmann constant.

As a result of Hawking radiation, in the absence of accretion or mergers, the mass of a BH
decreases at a rate [18,20]

dm fic* a(m)

dt G2 m2’
where a(m) parameterizes the number of particle species which can be emitted at a significant
rate from a BH of mass m. BHs with mass m 3> 10'7 g can only emit photons and neutrinos,
while those with smaller masses (and higher temperatures) can emit other particle species,
such as electrons and positrons [18,21]. Unstable particles emitted by PBHs decay to stable
secondary particles, such as photons and electrons. The total emission of a given species from
a PBH is the combination of the primary (i.e. directly emitted) and secondary components.
As a result of Hawking evaporation, the PBH mass changes with time and PBHs have a finite
lifetime. Since the PBH mass is time-dependent, the PBH mass function (MF) also evolves with
time (see Sec. 2.2.2).

Constraints on the fraction of dark matter consisting of PBHs, fpgy, can be obtained by com-
paring the flux of Hawking-emitted particles from PBHs with observations (see e.g. Ref. [28]
and for a recent review Ref. [29]). For a delta-function ME existing constraints exclude fppy = 1
for PBHs with mass m < 10'7 g. There are various evaporation constraints, from different
particle species and observations, calculated using different assumptions, with different un-
certainties (see Ref. [29]). We consider two illustrative constraints: the INTEGRAL/SPI MeV
gamma-ray limits from Ref. [23] which tightly constrain fpgy (for a delta-function MF) for
10'°g < m < 107 g, and the Voyager 1 e* limits from Ref. [22] which tightly constrain fpgy
for m < 10'®g. As we will see in Sec. 3, the constraint that rules out fppy = 1 for the largest
value of m doesn’t necessarily exclude fpp; = 1 for the largest peak mass for broad, extended
MFs.

Ref. [23] calculates constraints from gamma rays produced by positrons from PBH evapo-
ration annihilating with electrons in the interstellar medium, including the contribution from
positrons that first form a positronium bound state. We use the constraint (shown with a
dashed purple line in Fig. 1 of Ref. [23]) obtained using the INTEGRAL/SPI limit on the flux
of MeV gamma rays from a component with a Navarro-Frenk-White (NFW) density profile
from Ref. [30]. We use the Voyager 1 e* constraint in the left panel of Fig. 2 of Ref. [22] with
astrophysical background subtraction for their propagation model A, which has strong diffusive
reacceleration.

Proposed future MeV gamma-ray telescopes have the potential to place tighter constraints
on evaporating PBHs, extending the range of masses where fpp;; = 1 is excluded to larger m.
As an illustrative case we consider the projected constraints from observations towards the
Galactic Centre (assuming a NFW profile) by the proposed GECCO telescope from Fig. 9 of
Ref. [26].2

(2)

2The proposed AMEGO telescope would be able to exclude fyp; = 1 to somewhat larger m [31,32].
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Figure 1: The constraints we use on the fraction of dark matter in PBHs, fppy, as a
function of the PBH mass, m, assuming a delta-function PBH ME Current constraints
are shown as solid lines and prospective future constraints as dotted lines. The
current evaporation constraints are from Voyager 1 measurements of the local flux of
electrons and positrons [22] (red) and INTEGRAL/SPI observations of MeV gamma
rays [23] (orange). The current stellar microlensing constraints in this mass range
are from Subaru-HSC [24], as calculated in Ref. [25] (grey). The prospective future
evaporation constraints are from a MeV gamma-ray telescope [26] (light blue) while
the microlensing constraints are for a LMC white dwarf survey [27] (black).

2.1.2 Microlensing

Stellar microlensing is the temporary amplification of a background star that occurs when a
compact object passes close to the line of sight to the star [33]. Observations of stars in M31
by Subaru-HSC [24] have been used to constrain fppy in the mass range 102g Sm < 10%8 ¢
[24,25].

Accounting for the finite size of the source stars weakens the constraints significantly from
those calculated assuming a point-like source [34, 35]. Additionally, for PBHs with masses
m S 10711 M, ~ 10?2 g, the Schwarzschild radius of the PBHs is comparable to the wavelength
of the light used to observe the stars, resulting in diffraction and interference effects. Due to
these ‘wave optics’ effects, it is not possible to constrain PBHs with m < 107! M, ~ 10?2 g using
microlensing surveys of main-sequence stars [27,35]. We use the point-like lens constraint
from Fig. 4 of Ref. [25].

To minimise the finite source and wave optics effects, Ref. [27] suggests a survey of white
dwarfs in the Large Magellanic Cloud (LMC) using shorter wavelength observations. They find
such a survey could place significantly tighter constraints on PBHs with mass m ~ 1022723 g,
We use the constraint from Fig. 8 of Ref. [27] that accounts for both finite source and wave
optics effects.
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2.2 PBH mass functions and evolution

2.2.1 Initial mass functions

The initial PBH mass function (MF) can be defined as

1d ot
Wimg 1) = ~ 2P )
pi dm;

()
where p(m;, t;) is the comoving mass density in PBHs of initial mass m; at the time they form,
t;, and p; is the initial total comoving mass density of PBHs. Due to near critical gravitational
collapse [36], the mass of a PBH formed depends on the amplitude, &§, of the perturbation
from which it forms as well as the horizon mass, My: m; = kMy(6 — 6.)7, where &. is the
threshold for PBH formation, and k and y ~ 0.36 are constants [8].> Consequently even if all
PBHs form at the same time, i.e. from a delta-function peak in the primordial power spectrum,
they will have a range of masses [8-10]. In this case the critical collapse (CC) initial MF is
well approximated, assuming the probability distribution of the amplitude of the fluctuations

is gaussian, by
1/y 1/y
1 m; m;
L) =————| — —| — , 4
om0 ympr(wl)(mp) exp[ (mp) ] @

where m,, is the mass at which the MF peaks and I' is the gamma function.

In reality the primordial power spectrum will have finite width, and PBHs will form on a
range of scales. For various inflation models the MFs calculated, taking critical collapse into
account, can be roughly approximated by a lognormal (LN) distribution [12,15]:

1 ox (_lnz(mi/mc))
V2nom P 202 ’

where o is the width and m, is the mean of m;y;N(m;,t;). The lognormal MF has been
widely adopted as the canonical extended PBH MF (for instance when applying observational
constraints to extended mass functions [13, 14]).

Gow et al. [16] investigated more accurate fitting functions for the initial MF of PBHs
formed from a symmetric peak in the primordial power spectrum. They parameterise the peak
in the power spectrum of the curvature perturbation, P,(k), as lognormal,

o In? (k/k,)
77¢(I<)—A1/%A exp (—— , (6)

Yin(m;, t;) = 5

2A2

where A and A are the amplitude and width of the peak and kj, is the comoving wavenumber
at which it occurs. We have found that the broad peak in the primordial power spectrum
produced by hybrid inflation with a mild waterfall transition [11] is fairly well-approximated
by a lognormal with A ~ 5. Ref. [16] calculates the PBH MF numerically as in Ref. [38], using
the traditional (BBKS) peaks theory method [39] with a modified gaussian window function.*

3The criterion for PBH formation is traditionally specified in terms of the density contrast § = (o — p)/p. More
recently it has been realised that the criterion is best specified in terms of the compaction function [37], and the
dependence of the PBH mass on the compaction function has the same power law scaling.

“More recently Germani and Sheth [40] have formulated a procedure for calculating the abundance and MF
of PBHs, using the statistics of the compaction function. They find (assuming a gaussian distribution for the
perturbations) that the low mass tail of the MF is generically (i.e. for any primordial power spectrum) a power law,
YP(m;, t;) o< mil/ ¥, while at large masses there is a cut off, which depends on the shape and amplitude of the power
spectrum.
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Gow et al. [16, 38] find that for narrow peaks in the power spectrum, A < 0.3, critical
collapse dominates the PBH MF; the MF is independent of the width of the power spectrum
and skewed towards low masses. For A Z 0.5 the width of the peak becomes important. As
A is increased the width of the MF increases and the skew towards low masses decreases,
and for large A (the transition occurs between A = 2 and 5) their MFs are skewed towards
large masses [16]. Of the fitting functions considered in Ref. [16], the two that best reproduce
this behaviour are the skew-lognormal and generalised critical collapse functions. The skew-
lognormal (SLN) MF is a generalisation of the lognormal with non-zero skewness:

1 lnz(mi/mc) ln(mi/mc)
i G | o |

where a controls the skewness of the MF; for negative (postive) a the MF is skewed to low
(high) masses.” The generalised critical collapse (GCC) MF® is given by

p at+I\T L a\F ((m)* am)’
Yocelm, tj) = —[F( )] (—) (—1) exp [—— (—1) ], (8

mp B B mp B \my,
where m,, is the mass at which the generalised critical collapse MF peaks, and a and f§ are
parameters that control its behaviour in the low and high-mass tails respectively (for m; < m,
Ygec(m, ) o< mf¥). The generalised critical collapse MF is a generalisation of the critical
collapse MF obtained assuming all PBHs form at the same time, Eq. (4), which corresponds
to Eq. (8) with a = 8 = 1/y [9]. Gow et al. [16] find that the generalised critical collapse
MF is a better fit to their calculated MFs than the skew-lognormal for narrow peaks (A < 0.5)
where critical collapse dominates the PBH MF and it has negative skew, while for broad peaks
(A Z 5) the skew-lognormal is a better fit.

Ref. [16] focuses on stellar-mass PBHs. For the three fitting functions we consider (log-
normal, skew-lognormal and generalised critical collapse), we choose values for the mass
parameters (m. or my) in the asteroid-mass window. For the parameters which govern the
shape of the MF (a, 3 and o), we adopt the best-fit parameter values in Table II of Ref. [16]”
i.e. for simplicity we assume that these parameters do not depend on the PBH mass, or equiva-
lently the position of the peak in the primordial power spectrum, kj,. To facilitate comparison
between the constraints obtained with different fitting functions, we present the constraints
for the lognormal and skew-lognormal MF in terms of the peak mass, i.e. the mass at which
the MF is maximal, m,,. For the lognormal, m, = m, exp(—o?), while for the skew-lognormal
there is no analytic expression for m

Yan(my, t;) =

P
2.2.2 Time evolution of the mass function

The MFs presented in Sec. 2.2.1 are fits to the initial MFs calculated in Ref. [16]. For PBHs with
initial mass m; < 1 x 10'° g, Hawking evaporation leads to significant (> 10%) mass loss by
the present day, and hence the MF varies with time [28,41-43]. Therefore for extended MFs
that are peaked at sufficiently small m,, and/or are sufficiently broad that there is a significant
abundance of PBHs with initial masses m; < 1 x 10%° g, the time evolution of the MF should
be taken into account.

SFor consistency we use the same notation for the parameters of the fitting functions as Gow et al. [16], however
the a parameters in the skew-lognormal and generalised critical collapse fitting functions affect their shapes in
different ways.

%In Ref. [16], this is referred to as the ‘CC3’ model.

"Table II of Ref. [16] contains the best-fit parameter values for the skew-lognormal and generalised critical
collapse MFs, we are grateful to Andrew Gow for providing those for the lognormal MF via email.
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To evaluate the PBH mass today at time t = t, we follow Ref. [43] (see also Ref. [44]) and
approximate a(m) as depending only on the initial mass, a(m) ~ a.g(m;). Integrating Eq. (2),
the PBH mass today, m(t,), can be expressed as

fic* 13
m(ty) ~ (mlg - 3aaeff(mi)to) ) )

where the formation time, t;, has been set to zero since t, > t;. Here, a.g(m;) is defined as

2 3
G2 m

—_— 10
fic4 37’ (10)

err(m;) =
where 7; is the PBH lifetime (which can be calculated numerically e.g. using BlackHawk
[45,46]). This definition ensures that the PBH lifetime is calculated accurately for all initial
masses m,;.
Using the conservation of the number of PBHs, the PBH MF today, y'(m, t,), defined as

1 dp(m, to)
pi dm

w(m: tO) = (1 1)
where p(m, t,) is the comoving mass density in PBHs with present day mass m, can be expressed
in terms of the initial PBH ME v(m;, t;), defined in Eq. (3), as [28,43,47,48]

m

W(m, o) = (—)3 W(ms ;) (12)

m;

The equivalent expression in Ref. [43] contains a factor that can be written as (m/m;) squared,
rather than cubed, since they are considering number, rather than mass, densities.

2.3 Calculating constraints for extended MFs

We use the method introduced in Ref. [13] to apply constraints to extended MFs (a similar
method is presented in Ref. [49]). The constraint on the fraction of dark matter in PBHs can
be expressed as [13]
-1
Jt
mTPN(m o)] , (13)
fmax(m)

where f;.:(m) is the maximum fraction of dark matter in PBHs allowed for a delta-function
ME and y(m, ty) is defined as

fPBHS|: d

1 dp(m,to)
p(ty) dm

Yn(m, ty) = , (14)
where p(tg) is the total comoving mass density in PBHs today. This definition of the MF is
normalised to unity today f dmyy(m, ty) = 1, while the MF 1(m, ty) defined in Eq. (11) in
Sec. 2.2.2 is not, since the total mass in PBHs decreases with time due to evaporation. As
discussed in Sec. 2.2.2 PBHs with initial mass m; < 1 x 10'° g lose a non-negligible fraction
of their mass by the present day. Therefore for the evaporation constraints the MF should be
evolved to the present day using Eq. (12) before calculating 5(m, t,) by renormalizing to the
present day PBH mass density.

For the evaporation constraints f,,,.(m) decreases rapidly with decreasing m, as the Hawk-
ing temperature is inversely proportional to the mass, Eq. (1). Consequently, for sufficiently
wide MFs peaked at the lower end of the asteroid-mass range, the contribution to Eq. (13)
from f.,,(m) at smaller masses than the constraints are publicly available for (m < 10%°g
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for the Voyager 1 constraints [22] and m < 10'® g for the INTEGRAL/SPI MeV gamma-ray
constraints [23]) may be important. At the smallest masses where constraints are publicly
available, f;,..(m) oc m? with g ~ 2 — 3 to a good approximation, and we assume that the
power-law form, f,,.,(m) oc m?, continues to smaller masses. We have checked that the re-
sulting extended MF constraints do not change significantly (by no more than a factor of a few
at peak masses where fppy; ~ 1) if instead f,,(m) becomes constant at small masses.

3 Results

In this section we calculate the constraints on the time-evolved lognormal, skew-lognormal,
and generalised critical collapse PBH mass functions presented in Sec. 2.2.1, for the constraints
reviewed in Sec. 2.1 using the method presented in Sec. 2.3. We do this first for the existing

limits in Sec. 3.1, and then for the future prospective limits in Sec. 3.2.

3.1 Existing constraints

Fig. 2 shows current constraints on the fraction of DM in PBHs, fppyy, for the fitting functions
presented in Sec. 2.2.1 for PBHs arising from a log-normal peak in the power spectrum, Eq. (6),
with width A = 0,2 and 5 (A = 0 corresponds to a delta-function peak). These values span the
range of values considered by Ref. [16]. As discussed in Sec. 2.1, the constraints we consider
are from INTEGRAL/SPI observations of MeV gamma rays [23], Voyager 1 measurements of
the local flux of electrons and positrons [22], and the Subaru-HSC microlensing survey [24]

as calculated in Ref. [25].
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Figure 2: Current constraints on the fraction of dark matter in PBHs, fppy, as a func-
tion of the mass at which the PBH MF peaks, m,,, for PBHs formed from a lognormal
peak in the primordial power spectrum, Eq. (6), with width A =0,2 and 5 (from left
to right). Constraints for the lognormal (LN), skew-lognormal (SLN) and generalised
critical collapse (GCC) MFs are shown with dotted, dot-dashed, and dashed lines
respectively, while the original constraints, calculated assuming a delta-function MF
are shown with solid lines. The constraints shown are from Voyager 1 measurements
of the local flux of electrons and positrons [22] (red), INTEGRAL/SPI observations
of MeV gamma rays [23] (orange), and the Subaru-HSC microlensing survey [24]
as calculated in Ref. [25] (grey). In the A = 2 case, the constraints for the skew-
lognormal and generalised critical collapse MFs are indistinguishable.
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As previously seen in e.g. Refs. [6,13], compared to the delta-function MF constraints,
the tightest extended MF constraint is weakened, while fpgy = 1 is excluded over a wider
range of peak masses my,. As anticipated in Ref. [16], the constraints depend on the shape
of the low and high mass tails of the ME Nevertheless, even for the widest power spectrum
considered, A =5, there remains a range of peak masses for which fpgy = 1 is allowed for all
three extended mass functions. Our evaporation constraints for extended MFs appear closer to
the delta-function MF constraints than previously found for the lognormal MF (see e.g. Fig. 20
of Ref. [6]). As we discuss in App. A, this is largely an artefact of the lognormal MF constraints
previously being plotted in terms of the parameter m, which appears in the definition of the
lognormal MF (see Eq. (5)) rather than the peak mass, mp.

For small A the MFs calculated in Ref. [16] are skewed towards low masses and the best-
fit lognormal underestimates the low-mass tail and overestimates the high-mass tail. At a
given m,, the evaporation and microlensing constraints for a lognormal MF are therefore less
and slightly more stringent, respectively, than those for the better fitting skew-lognormal and
generalised critical collapse MFs. For A = 0, the Voyager 1 constraint for the generalised critical
collapse MF (the best-performing function for A < 0.5 [16]) at a given m,, is more stringent
than the constraints for the lognormal and skew-lognormal MFs by an order of magnitude or
more. This is because the power-law tail of the generalised critical collapse MF at low masses
is much larger than the low-mass tails of the lognormal and skew-lognormal MFs, and the
constraint from Voyager 1 is especially tight at low m. The INTEGRAL/SPI MeV gamma-ray
constraints for the different extended MFs are more similar, as this constraint is relatively weak
for the range of m where the differences between the MFs are large. Since the microlensing
constraints for each MF agree closely, and the extended MF constraints from INTEGRAL/SPI
observations of MeV gamma rays are more stringent than those from Voyager 1, the range
of m, where fppy = 1 is allowed is fairly similar for each ME For A = 0, for the best fitting
generalised critical collapse ME fppy; = 1 is allowed for 5 x 107 g S m, S 1 x 10*2g, a slightly
narrower mass range than for the lognormal ME

For A = 2, the MF calculated in Ref. [16] is close to symmetric, and all three MFs provide
a very good fit [16]. Therefore the constraints for the extended MFs are very similar, with
fepu = 1 being allowed for 6 x 1017 g < m, S 3 X 10%!g. For A = 5, the MF calculated in
Ref. [16] is skewed towards large masses and the skew-lognormal MF provides a significantly
better fit than the lognormal and generalised critical collapse MFs. For the skew-lognormal MF
fppy = 1 is allowed for 2 x 108 ¢ < m, S 1x 10'? g. The lognormal and generalised critical
collapse MFs over (under) estimate the MF at low (high) masses, resulting in overly stringent
evaporation (overly weak microlensing) constraints. The range of m,, where fppy = 1is allowed
is therefore wider and shifted to larger m,, (compared to the better-fitting skew-lognormal MF).
For A =5 the strongest evaporation constraints come from Voyager 1, even though for a delta-
function MF the INTEGRAL/SPI MeV gamma-ray constraint excludes fpgy = 1 at larger masses
than the Voyager 1 constraint (see Fig. 1). This is because for A = 5 the MF is sufficiently
wide that it is non-negligible in the mass range m < 10'® g where the Voyager 1 constraint
is more stringent than the INTEGRAL/SPI MeV gamma-ray constraint, and for the Voyager 1
constraint the integral in Eq. (13) is dominated by this mass range. This highlights that for a
broad MF the tightest constraint (i.e. the constraint that rules out fpg; = 1 at the largest peak
mass) might not be the constraint which is tightest for a delta-function ME

For A < 2, the difference between the evaporation constraints calculated using the time-
evolved MF 1) y(m, t;) and the initial MF 1)(m;, t;) is no more than 10%, for m, X 10'7 g. For
A =5, the constraints obtained using Yy(m, ty) and ¢ (m;, t;) differ by no more than a factor
of two at m, = 10'7 g and less than ~ 20% at peak masses where fpgy; ~ 1. For broader mass
functions (or for MFs peaked at smaller masses [43]) the effect on the constraints on fppy
would be larger.
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3.2 Prospective future constraints

Fig. 3 shows prospective future constraints obtained from MeV gamma-ray telescopes [26]
and a proposed microlensing survey of white dwarfs in the LMC [27], as discussed in Sec. 2.1.
Due to the improved sensitivity compared to existing observations, fppy = 1 is excluded over a
wider peak mass range than for existing constraints. In particular for the broadest peak in the
primordial power spectrum, A =5, fpgy = 1 is excluded across the whole asteroid-mass win-
dow for all three MFs, and the maximum allowed PBH dark matter fraction is fppy ~ 0.2—0.4.
For A =5 the current Voyager 1 constraint [22] rules out fppy = 1 at larger m,, than the
projected future MeV gamma-ray constraint that we consider, even though the largest mass for
which fppy = 1 is excluded for a delta-function MF is smaller for the Voyager 1 e* constraint.
As for the current MeV gamma-ray constraint, this is because the low-mass tails of the widest
MFs are large at m < 10'°g, where the delta-function MF constraint from Voyager 1 [22] is
tighter.
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Figure 3: Prospective future constraints on the fraction of dark matter in PBHS, fppyy,
as a function of the mass at which the PBH MF peaks, m,,, for PBHs formed from a
lognormal peak in the primordial power spectrum with width A = 0,2 and 5 (from left
to right). The line styles for the MFs are the same as in Fig. 2. The future constraints
shown are from future MeV gamma-ray telescopes (assuming a NFW profile for the
Galactic DM halo) [26] (light blue) and stellar microlensing of white dwarfs in the
LMC [27] (black). For comparison we also show the current constraints from Voyager
1 measurements of the e* flux (red) from Fig. 2.

4 Conclusions

If the PBH mass function is a delta-function then PBHs with mass in the asteroid-mass window,
10Y7¢g < m, < 10?2 g, can make up all of the DM, i.e. fppy = 1. However, due to critical
collapse, PBHs formed from the collapse of large density perturbations are expected to have an
extended ME even if they form from a narrow peak in the power spectrum. Refs. [6,13] found
that the range of masses for which fppy = 1 is allowed is much smaller for the commonly used
lognormal MF than for a delta-function ME We have explored how constraints on fpgyy in the
asteroid-mass window depend on the shape of the PBH ME In addition to a lognormal ME we
use the skew-lognormal and generalised critical collapse MFs, which Gow et al. [16] found
provided a better fit to the MFs they calculated than the lognormal.
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We find, using the constraints from Voyager 1 measurements of the local e* flux [22],
INTEGRAL/SPI observations of MeV gamma rays [23], and microlensing constraints from
Subaru-HSC [24, 25], that the asteroid-mass window is typically narrower (i.e. fppy = 1 is
allowed for a smaller range of peak masses, m,,) for the better fitting MFs than for the lognormal
ME Nevertheless, for the widest primordial power spectrum considered by Gow et al. [16],
there is still a range of m,, values (2 x 1018 ¢ < m, S 1x 10'Y g) where fppy = 1 is allowed
for the skew-lognormal mass function, which is the best-fitting mass function in this case.

The constraint that excludes fppgy = 1 over the widest range of PBH masses for a delta-
function MF does not always exclude fppy = 1 for the widest range of peak masses for extended
mass functions. For instance the largest mass for which fpp; = 1 is excluded for a delta-function
MF is smaller for the Voyager 1 e* constraint than for the MeV gamma-ray constraints (see
Fig. 1). However for the widest MFs we consider, the Voyager 1 constraint rules out fppy = 1 at
larger m,, than the current INTEGRAL/SPI MeV gamma-ray constraint and also the projected
future MeV gamma-ray constraint that we consider. This shows that tighter constraints on
PBHs with m < 10'® g would be beneficial for constraining PBHs with broad MFs.

Future gamma-ray observations will improve limits on the abundance of PBHs with masses
m S 5 x 10'7 g, while a proposed LMC white dwarf microlensing survey could provide tighter
constraints for 5x 102! ¢ < m S 2x 1023 g. Together, these constraints could potentially exclude
asteroid-mass PBHs with a broad MF making up all of the DM. However the evaporation and
microlensing constraints are sensitive to the shape of the low and high mass tails of the MF
respectively. An accurate calculation of the shape of the tails of the MF will therefore be essential
in future for assessing whether evaporation and microlensing constraints allow asteroid-mass
PBHs to make up all of the DM. This also demonstrates the importance of developing new
observational probes of PBHs with mass 10'® ¢ < m < 10?2 g, such as femtolensing of gamma-
ray bursts (GRBs) [50,51], GRB lensing parallax [52,53], microlensing of X-ray pulsars [54],
their effects on stars, e.g. Refs. [35,55-57], or on the orbits of planets [58] and satellites [59].
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A Comparison with previous constraints for lognormal mass func-
tion

Carr and collaborators [6,13] have previously calculated constraints on fppyy for a lognormal
(LN) MF with width o = 2 (see e.g. Fig. 20 of Ref. [6]). Their constraints differ significantly
more from the delta-function MF constraints than is the case for the widest lognormal MF we
consider, which has o = 1.8 [16]. In this appendix we outline the reasons for this apparent
difference.
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Figure 4: The constraints on the fraction of dark matter in PBHs, fppy, from Voyager
1 measurements of the local flux of electrons and positrons [22] for a delta-function
MF and a lognormal (LN) ME The constraint for a delta-function MF is shown with
a black solid line as a function of the PBH mass m. The constraint for the lognormal
ME Eq. (5), is shown as a function of both m, (red) and m, (blue) for o = 1.8 and 2
(solid and dotted lines respectively).

Fig. 4 shows the most stringent constraints on fpgy;, from Voyager 1 [22], for a lognormal
MF with 0 = 1.8 and o = 2 plotted as a function of both m. and m;,. The main reason for
the apparent difference between our results in Fig. 2 and those in Fig. 20 of Ref. [6] is that
the constraints appear significantly different when plotted in terms of the peak mass, m,,, than
when plotted in terms of the parameter m., which appears in the definition of the lognormal
MF (Eq. (5)). This mass parameter, m., is the mean of m;y)(m;, t;) for the lognormal MF and
is related to the peak mass by m. = m, exp(0?), so that for o ~ 2, m. ~ 50m,,. The peak
mass better reflects the typical mass of the PBHs, and plotting constraints in terms of the peak
mass also allows comparison with other mass functions with a single peak. Furthermore the
value for the width of the lognormal used in Refs. [6,13], o = 2, is larger than that of the best
fit lognormal to the widest power spectrum considered by Gow et al. [16], o = 1.8, and this
relatively small difference in o leads to a significant shift in the evaporation constraint when
it is plotted as a function of m..
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