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Dark matter from evaporating Black Holes
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Light primordial black holes (PBHs) are an ideal particle factory: they emit all existing particles
– of the Standard Model (SM) or beyond it – whose mass is smaller than the PBHs Hawking
temperature. Evaporation of PBHs is thus an interesting mechanism for Dark Matter (DM)
production. We review the status of the art of this possibility, analyzing in particular the effects of
the DM particle spin, for both Schwarzschild and Kerr PBHs.
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1. Introduction on PBHs formation and evaporation

PBHs could have formed in the very early Universe, during the radiation dominated era at the
end of inflation, due to gravitational collapse of over-dense regions. There are several mechanisms
for PBHs formation – see e.g. the review by Carr et al. [1] – and, according to a general argument,
their mass at formation, MBH (t f ), is proportional to the formation time, t f ,

t f
~
=

1
γ

MBH (t f ) c2

(MPl c2)2
, (1)

where ~ is the reduced Planck constant, γ is a numerical factor (often taken to be equal to 0.2),
MPl ' 2.2 × 10−5 g is the Planck mass and c is the speed of light in vacuum.

Here we consider PBHs that, at the formation time, were heavier than MPl, but lighter than
about 109 g, in which case the evaporation happened before Big Bang Nucleosynthesis (BBN). It
is useful to introduce the parameter β, defined as the PBHs over the radiation mass density at the
formation time, β = ρBH (t f )/ρR(t f ). Depending on β, the Universe might have been radiation
or BH dominated at the evanescence of the PBHs [2]: these situations are referred to as radiation
or BH domination, respectively. The range of PBHs masses between 10−5 g and 109 g is quite
unconstrained, apart from gravitational waves (GW) induced by second order effects [3, 4], which
set an upper limit on β, excluding a small portion of the region associated to BH domination.

Let us review the evaporation mechanism [5–8] for a generic rotating Kerr PBH, characterized
by the adimensional spin parameter a∗ = (J/~)M2

Pl
/M2

BH , where J is the PBH angular momentum.
The non-rotating Schwarzschild case is recovered in the limit a∗ = 0. The evaporation process is
such that, at time t, all particles are emitted whose mass is smaller than the Hawking temperature

kBTBH (t) =
1

8π
(MPlc2)2

MBHc2
2

1 + 1√
1−a∗(t)2

, (2)

where kB is the Boltzmann constant. For each particle of type i, with spin si and mass mi, emitted
by a single PBH, the instantaneous energy distribution per particle degree of freedom (dof) is given
by (here we follow the conventions of [9])

1
gi

d2Ni

dt dE
=

1
2π~

∑̀
,m

Γsi`m(E,MBH,a∗(t))
1

e
E′

kBTBH (t ) − (−1)2si
, (3)

where E ′ = E −mΩ is the total energy of the particles, taking into account the BH horizon rotation
velocity on top of the total energy E2 = (cp)2 + (mic2)2, m is the particle angular momentum
projection, the greybody factors Γ are dimensionless absorption probabilities for the emitted species
and gi are the internal dof of the i-th particle, which account for the polarization and color dof. In
the Schwarzschild case, the high energy (E → ∞) behavior is well reproduced by the geometrical
optics approximation

Γsi →
27
(8π)2

(
E

kBTBH (t)

)2
. (4)

The public code BlackHawk [9, 10] numerically computes the greybody factors, enabling one to
obtain the instantaneous spectrum for each type of emitted particle with spin si = 0,1/2,1,3/2,2.
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The peak of the energy distribution is at E ≈ kBTBH (t). If the particle is sufficiently light, the ultra
relativistic limit applies, E ≈ cp(t).

Let us define the ratio f (t) = ρBH (t)/ρR(t). Denoting the scale factor with a(t), since
ρBH (t) ∝ 1/a(t)3, while ρR(t) ∝ 1/a(t)4, the ratio f (t) increases linearly in the scale factor,
f (t) ∝ a(t). It is possible that PBHs dominate the energy content of the Universe before their
complete evaporation: this a situation is referred to as BH domination. The case in which complete
evaporation takes place before PBHs domination might occur, is referred to as radiation domination.
We define β̄ to be the maximum value of β corresponding to radiation domination, that is the value
of β leading to f (tev) = 1. One finds that β̄ = f (t f )

f (tev )
=

a(t f )

a(tev )
. For β . β̄, radiation domination

occurs, while for β & β̄, BH domination occurs.
The distribution of the momentum at evaporation for the particle of type i, normalized per dof,

is a superposition of all the instantaneous distributions, each redshifted appropriately from its time
of emission tem to the evaporation time tev

1
gi

dNi

d(cp)
(tev) =

∫ tev

tem

dt
d2N

dt d(cp(t))

©­­­­­«
cp(tev)

a(tev)
a(t)︸          ︷︷          ︸

cp(t)

,TBH (t),a∗(t)

ª®®®®®¬
a(tev)
a(t)

, (5)

and we refer to refs. [11, 12] fort more details. In order to get rid of the PBH mass de-
pendence, it is useful to define the adimensional momentum x(tev) = cp(tev)/(kBTS

BH ), where
TS
BH = TBH (t f )|a∗=0, with the related adimensional momentum distribution at evaporation

F̃(x(tev)) ≡
(kBTS

BH )
3

(MPlc2)2
1
gi

dNi

d(cp)
(tev) , (6)

which has the property of depending only on the particle spin si and on the BH spin parameter, a∗,
while being independent of the PBH mass.

For the Schwarzschild case [11], the quantity F̃(x(tev)) derived from BlackHawk [9] is shown
in the left plot of fig. 1, assuming radiation domination with β = β̄ (solid) and full (namely a long
period of) BH domination (dotted). The suppression due to the different values of the emitted
particle spin is manifest. The right plot shows the same for the Kerr case [12], taking a∗ = 0.8. The
contribution at small x(tev) is particularly sensitive to the rotating regime: the higher is the value
of PBH spin parameter a∗, the more the contribution from particles with high spin, like s = 2 and
s = 1, gets enhanced.

2. Stable particles from evaporating PBHs as DM

It has been proposed that particles beyond the SM, possibly produced via the PBHs evaporation
mechanism, might be responsible for the excess of baryons over anti-baryons [5], that they might
account for some or all of the DM observed today [2, 11–16] and that they might provide a
contribution to Dark Radiation (DR) [12–14, 16, 17]. Here we review the status of the possibility
that a stable beyond the SM particle emitted in the PBHs evaporation mechanism fully accounts for
the DM observed today, summarizing some of the results of our works, refs. [11, 12, 14].
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Figure 1: Adimensional function F̃(x(tev)), as defined by eq. (6), assuming radiation domination with β = β̄
(solid) or full BH domination (dashed), calculated using BlackHawk [9] within the SM and for various
particle spins, as indicated. Left: Schwarzschild case. Right: Kerr case with a∗ = 0.8.

We denote by X such a stable particle. It turns out that, in the Schwarzschild case, there are
two possibilities for the DM mass, which are denoted as "light" and "heavy" DM [2], according to
the fact that the X particles are emitted respectively during all the PBH lifetime or just in its final
stages. If mXc2 < kBTS

BH , BH, the DM candidate belongs to the light category, otherwise to the
heavy one.

As reference DM case, we consider emission of a scalar boson (with gX = 1) from a
Schwarzschild PBH. The associated value of the DM mass giving the full contribution to DM
is denoted by m̄. We display the iso-contours of Log10(m̄c2[GeV]) in the left and right plots of
fig. 2, for the light and heavy case respectively [14]. The diagonal line separating the two regimes
of BH domination (upper right) and radiation domination (lower left) corresponds to β = β̄.
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Figure 2: Iso-contours of Log10(m̄c2[GeV]) for which a scalar X particle (sX = 0) accounts for the observed
amount of DM today, for the "light" and "heavy" case respectively [14].

The light DM scenario is particularly interesting because the range of DM masses goes from
10−4 GeV to about 1 GeV. In the heavy DM scenario, the range of DMmasses goes instead from 108

GeV to about 1016 GeV; it might be more difficult from the model building point of view to have a
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stable particle with such a high mass value. The light DM case has however to face a problem with
structure formation [2, 11, 13–15]. The spectrum of the DM candidate is indeed quite hard, as the
DM particles are emitted with a momentum of the order of the Hawking temperature of the PBH, so
that they turn out to be warm DM candidates, able to have a negative impact on structure formation.
The shaded area in the left plot of fig. 2, which fully includes the region of BH domination (β > β̄),
turns out to be excluded because of the constraints from structure formation (see [11, 14] for more
details).

It is worth to investigate whether different values of the X particle spin, such as sX =
1/2,1,3/2,2, might reduce the tension with structure formation, thus allowing some portion of
the BH domination region. The generalization to other values of the X particle spin for the
Schwarzschild case is discussed in ref. [11]: the result is that the tension is indeed reduced as sX is
increased from 0 up to 2, but this is insufficient to "save" the BH domination region. It is also worth
to investigate the effect of an initial spin for the PBHs, as one might guess that the generalization
to Kerr PBHs might be successful in alleviating the tension with structure formation. The result of
the detailed analysis [12] is that: for sX = 0,1/2,1, there is no significant difference with respect to
the Schwarzschild case, as for the impact on structure formation; while for sX = 2, the tension with
structure formation is even exacerbated with respect to the Schwarzschild case.

3. Conclusions

Evaporation of PBHswithmasses between 10−5 g and 109 g is an elegant and viable mechanism
to account for the DM observed today. In the heavy DM case, both radiation and BH domination
regions are allowed. In the light DM case, only the radiation domination region is allowed, due
to constraints from structure formation; for the BH domination region, the tension with structure
formation is not avoided by invoking a high spin for the DM particles [11], nor by allowing the PBHs
to be rotating [12]. Successful ways to avoid the tension with structure formation for the light DM
case with BH domination have been proposed, like e.g. entropy production [2] and thermalization
of self-interacting DM particles with number changing interactions [18].
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