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1. Introduction

The nature of dark matter (DM) is a long standing problem in modern cosmology. For now,
particle physics candidates explaining the missing mass have not been observed, neither in direct
(see e.g. [1] for an overview) nor indirect searches (see e.g. [2] for a recent review). On the
other hand, the concept of primordial Black Holes (PBHs) which originates from the 60s [3] has
raised new interest in the last decade. The recent detection of gravitational waves from the mergers
of binary BHs by the LIGO/Virgo Collaborations [4] and the observation of the shadow of the
supermassive BH at the center of M87 [5] have shown that BHs are ubiquitous in our universe. The
observed BHs are either of stellar mass or supermassive. There is a never-ending discussion about
their origin: most, or at least some of them may be primordial. Many astrophysical constraints limit
the fraction of DM that PBHs could represent, see for example [6] and references therein for a long
review, and [7] for a more concise one. Recent work focuses on the nature of LIGO/Virgo BHs
and the discrimination between the primordial and stellar origin using mass distribution or spin
measurements [8–14]. Most of those studies consider PBHs with very low spin formed during the
radiation domination era, but it has been shown that PBHs could have a very high spin if formed
during a transient matter dominated era, evading Thorne’s limit [15].

The most striking characteristics of BHs is that they should emit radiation close to the blackbody
one and thus slowly evaporate away by losing mass, angular momentum and – putative – electric
charge. This theoretical phenomenon first described by Hawking [16] led to the idea that BHs
could be detected via the radiation they emit when evaporating [17]. For now, no experimental
evidence has confirmed its existence. Hawking radiation is sizeable only for small BHs of less than
∼ 1016 − 1019 g, leading to radiation in the MeV− keV band. This points directly towards PBHs
since stellar mass BHs are heavier than ∼ 2 𝑀� due to the Tolman-Oppenheimer-Volkoff limit.

PBHs may have formed in the early universe through the collapse of strong density inhomo-
geneities Δ𝜌/𝜌 & 1 resulting from quantum fluctuations during inflation, from the collapses of
topological defects (cosmic strings, domain walls), or from bubble collisions during a first-order
phase transition (see [6] for an extended discussion). The mass of PBHs formed in the early universe
is linked to the content of the Hubble radius at the time of formation

𝑀 init
PBH(𝑡) ∼ 1015

( 𝑡

10−23 s

)
g , (1)

which corresponds approximately to the Hubble mass at time 𝑡. Evaporation equations show that
(non-rotating) BHs have a lifetime linked to their mass by

𝜏(𝑀 init
PBH) ∼ 1064

(
𝑀 init

PBH
𝑀�

)3

yr . (2)

Thus PBHs with a mass 𝑀 init
PBH . 1015 g have completely evaporated by now, thus they cannot

represent a sizeable fraction of DM (existing today). These PBHs may have however left imprints
of their evaporation in cosmological observations. Heavier PBHs, on the other hand, are almost
eternal compared to the age of the universe due to the cubic dependence in Eq. (2). If they are
of asteroid mass 𝑀 init

PBH . 1019 g, then their Hawking radiation may be detected by astrophysical
observation and they could represent a fraction, if not all, of DM.
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The above discussion shows that there is a need for constraints on PBH DM linked to ob-
servations in order to infirm or confirm this scenario. Alternatively, mixed models assuming the
existence of more than one DM component (e.g. WIMPs and PBHs [18]) can also be constrained
using Hawking radiation. For now, there still exists an open window 1017 g . 𝑀PBH . 1021 g in
the asteroid and sublunar mass range for PBHs to represent all of DM [6]. PBHs are also quite
unconstrained in the lowest possible mass range 10−1 g . 𝑀PBH . 109 g as there is no known
cosmological observable from those times, although gravitational astronomy may soon provide
new possibilities1 [20–22] (ref. [20] already studied the effect on spin on the constraints). This is
the general context in which the public tool BlackHawk [23] has been created.

In section 2, we rapidly present the fundamental equations of Hawking radiation, in section 3
we discuss in some detail the capabilities of BlackHawk, in section 4 we present some examples of
the work that can be done with BlackHawk and we conclude in section 5.

2. Hawking radiation

Hawking radiation [16] is a semi-classical phenomenon by which pairs of particles and anti-
particles are created in the vicinity of the horizon of a BH and can get causally separated by this
horizon, resulting in a net flux of energy at spatial infinity. The creation of pairs at the horizon is
a purely gravitational phenomenon whose thermodynamics is directed by the effective temperature
of the BH2

𝑇 ≡ ^

2𝜋
, (3)

where ^ is the surface gravity. Thus, the rate of Hawking radiation is simply given by the blackbody
law

d2𝑁𝑖

d𝑡d𝐸
=

∑︁
dof

Γ𝑖 (𝐸, 𝑀, 𝑥 𝑗)/2𝜋
𝑒𝐸

′ (𝐸,𝑥 𝑗 )/𝑇 − (−1)2𝑠𝑖
, (4)

where

• d2𝑁𝑖/d𝑡d𝐸 is the number of particles of type 𝑖 emitted per unit time 𝑡 and energy 𝐸 ;

• Γ𝑖 is the greybody factor describing the probability that a particle generated at the horizon
escapes at infinity;

• 𝐸 ′ is the total energy of the particles corrected for e.g. horizon rotation or electric charge;

• 𝑠𝑖 is the particle spin;

• 𝑥 𝑗 are all the internal degrees of freedom of the BH, namely angular momentum 𝑎∗ and
charge 𝑄 following the no-hair theorem;

• the sum runs over the internal degrees of freedom of the particles (helicity, color, etc).

1The Higgs vacuum decay triggered by PBHs brings another way of constraining the PBH mass function [19].
2In the following, we use natural units for which 𝐺 = ℏ = 𝑐 = 𝑘B = 1.
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In this formula, the most important component is the greybody factor which encodes the
discrepancy between BH radiation and pure blackbody radiation. It is evaluated by evolving a plane
wave radially from the BH horizon to the spatial infinity and comparing the amplitudes of the wave
at these two extreme positions

Γ𝑖 (𝐸, 𝑀, 𝑥 𝑗) ≡
���� 𝑍∞𝑍hor

����2 . (5)

Hawking radiation yield thus depends on the spin of the emitted particle, and on the other
internal degrees of freedom such as its charge and angular momentum. Couplings between the
particle and the BH electric charges, or between the particle and the BH angular momentum
[24–26] give rise to interesting phenomena such as superradiance [27]. Although numerical and
analytical estimates existed for the greybody factors for various BH solutions ([28] is often cited),
precise numerical computations of these factors was lacking in the literature.

We can deduce the time evolution of BHs by integrating over the energy and momentum loss

𝑓 (𝑀, 𝑎∗) ≡ −𝑀2 d𝑀
d𝑡

= 𝑀2
∫ +∞

0

∑︁
𝑖

∑︁
dof.

𝐸

2𝜋
Γ𝑖 (𝐸, 𝑀, 𝑎∗)
𝑒𝐸

′/𝑇 ± 1
d𝐸 , (6)

𝑔(𝑀, 𝑎∗) ≡ −𝑀

𝑎∗
d𝐽
d𝑡

=
𝑀

𝑎∗

∫ +∞

0

∑︁
𝑖

∑︁
dof.

𝑚

2𝜋
Γ𝑖 (𝐸, 𝑀, 𝑎∗)
𝑒𝐸

′/𝑇 ± 1
d𝐸 , (7)

where 𝐽 ≡ 𝑎∗𝑀2 is the angular momentum of the BH and 𝑚 that of the particle. 𝑓 and 𝑔 can be
interpreted as some renormalized number of (angular momentum) degrees of freedom emitted by
BHs. These Page factors allow one to write differential equations for the mass and spin of the BH

d𝑀
d𝑡

= − 𝑓 (𝑀, 𝑎∗)
𝑀2 , (8)

d𝑎∗

d𝑡
=
𝑎∗(2 𝑓 (𝑀, 𝑎∗) − 𝑔(𝑀, 𝑎∗))

𝑀3 , (9)

where the mass evolution equation indeed shows the behaviour of Eq. (2) if 𝑓 (𝑀, 𝑎∗) is taken as a
constant. Indeed, for sufficiently light BHs (𝑀 . 1010 g), all SM degrees of freedom are emitted
and 𝑓 and 𝑔 do not evolve during evaporation. In any case, the Page factors vary at most of one
order of magnitude during the evaporation of heavier BHs.

3. BlackHawk content

BlackHawk has been designed as a public tool to compute the Hawking radiation emitted by a
variety of BH solutions, with any initial mass and spin distribution, and to provide spectra of final
particles that can be compared to astrophysical observations3.

Various PBHs distributions taken from the literature have been implemented in BlackHawk,
like the monochromatic one with a single BH mass and spin, and the log-normal one which is the
result of PBH production by a narrow peak in the power spectrum of primordial density fluctuations.
A lot of effort has been put into the computation of the greybody factors for Schwarzschild (non-
rotating, uncharged) and Kerr (rotating, uncharged) BHs, which are per se interesting results. These

3Many more details can be found in the BlackHawk manual [23].
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Figure 1: Evolution of a BH mass (solid) and spin (dashed) following Eqs. (6) and (7). Taken from [15].

greybody factors are used to compute the Page factors Eq. (6) and Eq. (7), which are then used to
compute the mass and spin evolution of the distribution of BHs.

Hawking radiation is described in terms of Standard Model (SM) particle emission. Of course,
any particle beyond the SM would be emitted by the BH horizon, such as any particle DM candidate,
or the putative graviton (included in BlackHawk). On the other hand, astrophysical observations
are based on the detection of stable particles, or at least on the imprints left in some cosmological
era by stable particles at that timescale. Thus, particle physics codes (PYTHIA [29] and HERWIG
[30]) are used to hadronize and decay the SM particles to stable ones4. In BlackHawk, they come
in the form of tabulated transfer functions from primary SM particles to secondary stable particles.

4. Primordial Black Hole detection and constraints

BlackHawk is a versatile tool. The tabulated values of greybody factors, the Page factors, and
the tabulated transfer functions between primary and secondary particles can be used outside the
main code for e.g. BH evolution study [15] (see Fig. 1) or DM indirect searches. These transfer
function tables were modeled on those of M. Cirelli et al. [31] (which were updated with QCD
corrections in [32]). In BlackHawkwe computed those tables from scratch using the latest available
version of the particle physics codes. Of course, the main aim of BlackHawk is to provide spectra
for constraining the abundance of PBHs in the universe, or for predicting signals emitted by known
or putative astrophysical objects. Here we give a short overview of the work that has been done so
far.

First, BlackHawk can predict the instantaneous spectrum of a population of PBHs in our
Galaxy. If PBHs represent a substantial fraction or all of DM, they are expected to be distributed as
DM in the galactic halo, following for example the Navarro-Frenk-White (NFW) profile given by
[33]

𝜌PBH(𝑟) = 𝜌DM(𝑟) ∝ 1
(𝑟/𝑟𝑠) (1 + 𝑟/𝑟𝑠)2 , (10)

4Stable in the sense of cosmologically stable, or stable at the time of BBN for example.
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where 𝑟𝑠 is a characteristic radius. Then, if PBHs are monochromatic, i.e. with the same unique
mass, it is easy to deduce the flux of particles of type 𝑖 incident on an Earth or space based detector
resulting from the integration over the galactic bulk

d𝐹𝑖
d𝐸

=

∫
dΩ
4𝜋

∫
d𝑙

𝜌PBH(𝑙)
𝑀PBH

d2𝑁𝑖

d𝑡d𝐸
, (11)

where 𝑙 is the line of sight coordinate. Of course, this flux depends on the precise distribution of
DM, and deviations from NFW induce modified constraints/signals. For example, BlackHawk can
predict the density of high-energy particles emitted by PBHs at the galactic center. These particles
evolve in a strong magnetic field and thus produce synchrotron radiation in the radio band, that
can be used to constrain the amount of PBHs [34]. PBHs of 𝑀PBH . 1017 g emit electrons and
positrons. The annihilation of the 𝑒± in the galactic center may contribute to the 511 keV line
measured in the direction of the galactic center [35]. On the same level, the INTEGRAL measure
of the soft gamma-ray spectrum of the Galaxy sets constraints on the abundance of light PBHs
[36, 37] and neutrino scintillators such as JUNO are sensitive to (anti)neutrinos [38, 39].

Second, BlackHawk can be used to constrain the cosmological amount of PBHs. If PBHs
represent a substantial fraction of DM, then they can explain both the cosmological DM and
galactic DM. For that, BlackHawk can compute the emission of particles throughout the whole BH
lifetime, and integrating this emission, taking the cosmological redshift into account, gives access
to the isotropic background flux of e.g. (soft) gamma-rays [40, 41]

𝐼 ≡ 𝐸
d𝐹𝛾

d𝐸
=

1
4𝜋

𝑛PBH(𝑡0)𝐸
∫ 𝑡max

𝑡min

(1 + 𝑧)
d2𝑁𝛾

d𝑡d𝐸
((1 + 𝑧)𝐸)d𝑡 , (12)

where 𝑛PBH(𝑡0) is the number density of PBHs today, 𝑧(𝑡) is the redshift and d2𝑁𝛾/d𝑡d𝐸 is the
secondary spectrum of photons. The results of this computation, taking the PBH spin into account,
are presented in Fig. 2. This prediction has been adapted to PBHs in scenarios with large extra
spatial dimensions [42], opening an interesting window on the ability of BlackHawk to probe
alternative gravitational theories.

Third, BlackHawk can be used together with Big-Bang nucleosynthesis (BBN) codes to provide
constraints on very light PBHs that evaporate when the light elements are forged at the beginning
of the universe. Indeed, energetic particles emitted by 𝑀PBH ∼ 109 − 1013 g PBHs can change the
neutron to proton ratio at the onset of BBN, induce nuclear reactions during BBN or photo-dissociate
the final light elements after BBN. Hence, the modified Deuterium and/or Helium abundances can
provide strong constraints on the abundance of light PBHs at the BBN epoch [43].

Fourth, BlackHawk can predict the signals emitted by astrophysical structures in terms of
Hawking radiation in various energy bands. These constraints are independent from and comple-
mentary to the cosmological and galactic ones. For example, PBHs evaporating in nearby dwarf
galaxies such as Leo T would deposit energy – heat and ionization – in such structures. Constraints
can be set on the abundance of PBHs in these strongly DM-dominated objects [37, 44, 45]. More
exotic is the prediction of the radio (𝛾) and gravitational wave (𝑔) power emission of a putative
Planet 9, would it be a PBH of 𝑀P9 ∼ 10 𝑀⊕ [46]

d2P𝛾/𝑔

dad𝑆
=

1
4𝜋𝑟2

S
𝐸

d2𝑁𝛾/𝑔

d𝑡da
, (13)
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Figure 2: Constraints on the DM fraction composed of PBHs from the isotropic extragalactic gamma-ray
background, where 𝜎 (b, c, d) is the standard deviation of the PBH log-normal mass distribution, Dirac (a)
corresponding to a monochromatic distribution. Taken from [41].

where 𝑟S is the Planet 9 Schwarzschild radius and a is the wave frequency. Prediction of the signal
in terms of radio photons is given in Fig. 3.

Interestingly, most of these studies used the fact that BlackHawk allows the user to compute
the spectra for realistic spinning BHs and extended mass functions. This is the main improvement
of this public code over previous constraints, beside the more precise computation of the Hawking
radiation rates.
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Figure 3: Comparison between the Planet 9 radio signal and the CMB background. Adapted from [46].

5. Conclusion

We have summarized here the context of development of the public code BlackHawk, which
provides a powerful and versatile tool to compute the Hawking radiation spectra of any distribution
of BHs. We have described the basics of Hawking radiation and the main capabilities of BlackHawk
and given an overview of the studies this code has already helped to pursue. BlackHawk is not a
fixed entity and receives regular updates to correct bugs and improve computation time and user
friendliness. Moreover, we have already invested work towards a major update that will enhance
its capabilities: new BH solutions as well as a better low-energy treatment and additional particles
will be added in the near future.
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