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1. Introduction

Primordial black holes (PBHs), introduced in the early ‘70s [1, 2] are currently attracting
an increasing attention since they can solve in a natural way a plethora of issues of modern
cosmology. In particular, they can potentially account for a part or the totality of the dark matter [3],
explain the generation of large-scale structures (LSS) through Poisson fluctuations [4] and seed
the supermassive black holes residing in galactic centers [5]. Furthermore, they can constitute
viable candidates for the progenitors of the black-hole merging events recently detected by the
LIGO/VIRGO collaboration [6] being associated with numerous gravitational-wave (GW) signals
such GWs from PBH mergers [7, 8] and GWs induced by primordial curvature perturbations [9, 10]
[See here [11] for a review].

Interestingly, ultra-light PBHs with masses 𝑚PBH < 109g evaporating before Big Bang Nucle-
osynthesis (BBN) [12–15] are currently poorly constrained and are associated with a very interest-
ing phenomenology. In particular, these ultra-light PBHs can drive early PBH-matter dominated
eras [16–18] before BBN producing at the same time the DM relic abundance and the hot Standard
Model (SM) plasma [19] reheating at the same time the Universe through their evaporation [20].
Furthermore, they can potentially alleviate the Hubble tension [21–23] and produce as well naturally
the baryon assymetry through CP violating out-of-equilibrium decays of their Hawking evaporation
products [24–27]. Regarding their production mechanism, these ultra-light PBHs can be abundantly
produced within inflationary setups [20, 28] as well as within quantum gravity [29] and bouncing
cosmological setups [30].

In this work, we revisit the scenario of the Hawking evaporation of ultra-light PBHs efficiently
accounting for the alleviation of the Hubble tension through the injection to the primordial plasma
of dark radiation (DR) light degrees of freedom with feeble couplings to the Standard Model (SM).
Interestingly, as it was shown in [21–23] the production of DR degrees of freedom can potentially
increase the effective number of extra neutrino species Δ𝑁eff and subsequently the value of the
Hubble parameter at early times [31] reconciling it in this way with its late-time value as measured
by late-time observational probes [32]. In particular, as it is proposed in [33–35] a value of
Δ𝑁eff ∼ 0.1− 0.3 would be enough to substantially relax the 𝐻0 tension. To gain then an insight on
this PBH motivated alleviation mechanism of the Hubble tension, we will make use of the portal of
GWs induced by the gravitational potential of a population of randomnly distributed PBHs [17, 18].

The paper is organised as follows: In Sec. 2 we recast the basics of black hole evaporation
while in Sec. 3 we derive the necessary conditions for an early PBH-dominated Universe. Then,
in Sec. 4 we extract the contribution of DR light degrees of freedom to Δ𝑁eff while in Sec. 5 after
reviewing briefly the GWs associated to Poisson PBH energy density fluctuations we extract their
contribution to Δ𝑁eff . Followingly, in Sec. 6 by accounting for the contribution to Δ𝑁eff from both
dark radiation and GWs we revisit the constraints on the relevant parameters at hand, namely the
PBH mass, 𝑚PBH, the initial PBH abundance at PBH formation time, ΩPBH,f and the number of DR
radiation degrees of freedom, 𝑔DR. Finally, Sec. 7 is devoted to conclusions.
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2. The basics of black hole evaporation

Black holes radiate energy by emitting particles through the process of Hawking evapora-
tion [36] with their mass loss rate being recast as

d𝑚BH

d𝑡
= −

G𝑔∗,H(𝑇BH)𝑀4
Pl

30720𝜋𝑚2
BH

, (1)

with G ' 3.8 being the appropriate grey factor for Schwarzschild BHs and 𝑇BH being the BH
temperature which can be recast as

𝑇BH ≡
𝑀2

Pl
8𝜋𝑚BH

' 1.05 × 1013GeV
(

g
𝑚PBH

)
. (2)

The factor 𝑔∗,H(𝑇BH) counts all the existing degrees of freedom with mass 𝑚 below 𝑇BH, i.e.
𝑚 < 𝑇BH according to the prescription [37, 38]

𝑔∗,H(𝑇BH) =
∑︁
𝑖

𝑤𝑖𝑔𝑖,H, 𝑔𝑖,H =


1.82, 𝑠 = 0

1.0 𝑠 = 1/2
0.41 𝑠 = 1

0.05 𝑠 = 2,

(3)

where 𝑤𝑖 = 2𝑠𝑖 + 1 for massive particle species with spin 𝑠𝑖 and 𝑤𝑖 = 2 for massless particles
with 𝑠𝑖 > 0. Since particles species with mass 𝑚 are Hawking radiated whenever 𝑚 < 𝑇BH

according to the above prescription one can show that for temperatures higher than the electroweak
scale∼ 100GeV practically all the SM particles are emitted whereas for temperatures below the
MeV scale only photons and neutrinos are emitted. Thus, one can approximately recast 𝑔∗,H(𝑇BH)
as

𝑔∗,H(𝑇BH) '
{

108, 𝑇BH � 100GeV, 𝑚PBH � 1011g

7, 𝑇BH � 1MeV, 𝑚PBH � 1016g.
(4)

Assuming therefore that 𝑔∗,H(𝑇BH) is constant for BHs evaporating before BBN, which is always
true as one can see from Eq. (4) one can solve Eq. (1) finding at the end that the time needed for a
BH to complete its evaporation reads as

Δ𝑡evap =
160

𝜋𝑔∗,H(𝑇BH)
𝑚3

PBH

𝑀4
Pl

. (5)

One would also consider that BHs can potentially increase their mass through the process of mergers
and accretion. Regarding the effect of accretion, recent analyses [39, 40] showed that within
the regime of Bondi-Hoyle type accretion [41] accretion is negligible when 𝑚BH < 𝑂 (10)𝑀�.
Concerning the effect of BH mergers this will be important only at very early times, corresponding
to 𝑇 % 108GeV × (108g/𝑚PBH)3/4 [See Appendix A of [21]]. Thus, 𝑚PBH should be regarded as
the BH mass after the process of merging has stopped to be efficient.
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3. The primordial black hole dominated Universe

PBHs form standardly in the radiation-dominated (RD) era out of the collapse of enhanced
cosmological perturbations. Given the fact that they behave as dust within a RD background their
abundance ΩPBH will scale as

ΩPBH =
𝜌PBH

𝜌r
∝ 𝑎−3

𝑎−4 ∝ 𝑎. (6)

Thus, since ΩPBH ∝ 𝑎, at some point PBHs will dominate the energy budget of the Universe
when ΩPBH = 1. To compute therefore, the necessary conditions for a PBH dominated Universe we
will assume monochromatic PBH mass distributions and require that PBHs evaporate after BBN
time. Thus, since after BBN time the Universe continues to evolve in a RD dominated era up to
matter-radiation equality at redshift 𝑧eq ∼ 1100, we will require that PBHs dominate the energy
Universe content before their evaporation. In particular, by requiring that ΩPBH = 1, from Eq. (6)
we get that 𝑎d = 𝑎f/ΩPBH,f where the index d stands for the onset of the PBH-dominated era. At the
end, accounting for the fact that during radiation domination era 𝐻 ' 1/(2𝑡), and demanding that
𝑡evap > 𝑡d, one obtains that in order to have an early matter-dominated (MD) era driven by PBHs,
the PBH abundance at PBH formation time is bounded from below according to the following
expression:

ΩPBH,f > 10−15

√︂
𝑔∗,H(𝑇BH)

108
109g
𝑚PBH

. (7)

For the above expression, we used as well the fact that the Hawking evaporation time of a black
hole scales with 𝑚PBH like in Eq. (5). Since the PBHs we consider here form before BBN
𝑔∗,H(𝑇BH) ' 108 as dictated by the prescription 4.

Regarding the PBH mass range we consider PBHs forming after the end of inflation and
evaporate before BBN time. Thus, one can derive a lower and an upper bound on 𝑚PBH by
accounting for the current Planck upper bound on the tensor-to-scalar ratio for single-field slow-roll
models of inflation, which gives 𝜌

1/4
inf < 1016GeV [42] as well a conservative lower bound on the

reheating energy scale, i.e. 𝜌
1/4
reh > 4MeV [12–15]. Finally, by requiring that 𝜌reh ≥ 𝜌BBN and

accounting for the fact that the PBH mass is roughly equal to the mass inside the cosmological
horizon at PBH fomation time, which is standardly considered as the horizon crossing time of the
collapsing scale during the RD era, one can show that the relevant PBH mass range is given by

10g < 𝑚PBH < 109g . (8)

4. The contribution of dark radiation to Δ𝑁eff

After the end of PBH evaporation, the primordial plasma is filled with SM radiation alongside
with any other Hawking radiated product of any hidden matter sector. If however within the Hawking
emitted particles of the hidden sector there exist light degrees of freedom with feeble couplings
(perhaps only gravitational) to the SM particles, these products, usually called “dark radiation"
(DR), will not thermalise and will contribute to the radiation energy content of the Universe. A
way to test there existence is by measuring their contribution to the effective number of neutrino
species, 𝑁eff defined as 𝑁eff ≡ 𝑁SM

𝜈 +Δ𝑁eff , where 𝑁SM
𝜈 is the effective number of the SM neutrino

species and Δ𝑁eff is the effective number of extra neutrino species.
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Let us now derive the contribution to Δ𝑁eff from DR degrees of freedom. To do so, one should
write the total radiation energy density as the sum of the energy densities of fermions and bosons
in the primordial thermal bath, namely as

𝜌rad =
𝜋2

30

[∑︁
B

𝑔B

(
𝑇B

𝑇

)4
+ 7

8

∑︁
F

𝑔F

(
𝑇F

𝑇

)4
]
𝑇4, (9)

where the sum is performed over all the fermionic (𝑔F) and bosonic (𝑔B) degrees of freedom that are
relativistic, namely whose mass 𝑚𝑖 is smaller than the temperature of the thermal bath, i.e. 𝑇 > 𝑚i.
One can also define the effective number of energy density relativistic degrees of freedom defined
as

𝑔∗(𝑇) ≡
∑︁

B
𝑔B

(
𝑇B

𝑇

)4
+ 7

8

∑︁
F

𝑔F

(
𝑇F

𝑇

)4
. (10)

After neutrino decoupling at around 1MeV, the electrons become non relativistic at𝑇 ' 500𝑘𝑒𝑉
and one is met with lots of electron-positron annihilation process which produces an excess of
photons. Since neutrinos have already decoupled from the thermal bath, the entropy of electrons
and positrons is transferred mainly to photons. Thus, one is met with a slightly smaller temperatures
of neutrinos 𝑇𝜈 compared to that of photons 𝑇𝛾 which reads as

𝑇𝜈 =

(
4
11

)1/3
𝑇𝛾 . (11)

At the end, after the epoch of electron-proton annihilation the only relativistic species in the
primordial thermal bath are the photons and the neutrinos. One then can infer from Eq. (9) and
Eq. (11) that the radiation energy density after the epoch of 𝑒+𝑒− annihilation is related to the photon
energy density as follows:

𝜌rad = 𝜌𝛾

[
1 + 7

8

(
4
11

)4/3
𝑁eff

]
, (12)

where 𝑁eff is the effective number of neutrino species defined above.
Assuming the presence of extra light dark radiation degrees of freedom who have decoupled

from the thermal bath given their feeble coupling with SM particles, one can write the total
radiation energy density as the sum of the SM radiation density plus the DR radiation density,
namely 𝜌rad = 𝜌SM

rad + 𝜌DR. Using therefore Eq. (12) and writing 𝑁eff as 𝑁eff = 𝑁SM
𝜈 + Δ𝑁eff one

can straightforwardly show that at matter-radiation equality (𝑡 = 𝑡eq) at 𝑇 = 0.75eV one gets that the
effective number of extra neutrino species Δ𝑁eff due to dark radiation reads as

Δ𝑁eff |DR =
𝜌DR(𝑡eq)
𝜌SM

rad (𝑡eq)

[
8
7

(
11
4

)4/3
+ 𝑁SM

𝜈

]
, (13)

where 𝑁SM
𝜈 = 3.0461. Then, accounting for the conservation of entropy one gets that 𝑇 ∼ 𝑔

−1/3
∗,𝑆 𝑎−1

1Neutrino decoupling was not exactly quite complete when 𝑒+𝑒− annihilation began taking place. Thus, some of the
energy and entropy of electrons and positrons passed to neutrinos as well. Taking this into account the effective number
of SM neutrinos gets a bit enhanced above 3, namely 𝑁SM

𝜈 = 3.046.
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where 𝑔∗,𝑆 is the effective number of the entropy relativistic degrees of freedom defined as

𝑔∗,𝑆 (𝑇) ≡
∑︁

B
𝑔B

(
𝑇B

𝑇

)3
+ 7

8

∑︁
F

𝑔F

(
𝑇F

𝑇

)3
. (14)

At the end, applying the entropy conservation between the PBH evaporation time and the matter-
radiation equality time and accounting for the fact that 𝑔∗,𝑆 (𝑇) = 𝑔∗(𝑇) up to neutrino decoupling
one obtains that

𝜌DR(𝑡eq)
𝜌SM

rad (𝑡eq)
=

𝜌DR(𝑡evap)
𝜌SM

rad (𝑡evap)

(
𝑔∗,S(𝑇eq)
𝑔∗,S(𝑇evap)

)1/3 𝑔∗,𝑆 (𝑇eq)
𝑔∗(𝑇eq)

, (15)

where the ratio 𝑔∗,𝑆 (𝑇eq)
𝑔∗ (𝑇eq) will not be equal to one due to the fact that after the epoch of 𝑒+𝑒− annihilation

entropy is transferred mainly to photons. In particular, one can show that 𝑔∗,𝑆 (𝑇eq) = 3.94 and
𝑔∗(𝑇eq) = 3.36. The ratio now 𝜌DR(𝑡evap)/𝜌SM

rad (𝑡evap) will be equal to 𝑔DR,𝐻/𝑔∗,𝐻 given the fact
that SM radiation and dark radiation are emitted from the thermal process of Hawking radiation
with their degrees of freedom being counted at the end of the PBH evaporation by 𝑔∗,𝐻 given by
Eq. (4). Finally, one can recast Δ𝑁eff |DR as

Δ𝑁eff |DR = 0.10
𝑔DR,𝐻

4

(
106

𝑔∗(𝑇evap)

)1/3
. (16)

5. The contribution of gravitational waves induced from Poisson primordial black
hole fluctuations to Δ𝑁eff

Up to now we have considered the contribution to Δ𝑁eff from DR degrees of freedom with no
significant coupling to the standard model. However, apart from DR degrees of freedom primordial
gravitational waves (GWs) will contribute as well to Δ𝑁eff . In the following, we will consider GWs
induced by the gravitational potential of a gas of randomnly distributed ultralight PBHs which can
dominate the energy budget of the Universe before their evaporation taking place before BBN. In
particular, assuming that PBHs are randomly distributed at formation time (i.e. they have Poisson
statistics), their energy density is inhomogeneous while the total background energy density can be
considered homogeneous. Thus, the energy density perturbation of the PBH matter field can be
described by an isocurvature Poisson fluctuation. Interestingly, as it was shown in [17], this initial
isocurvature PBH energy density perturbation in the radiation-dominated (RD) era, when PBHs are
supposed to form, will convert into an adiabatic curvature perturbation deep in the PBH dominated
era giving rise to the following power spectrum for the PBH gravitational potential Φ:

PΦ(𝑘) =
2

3𝜋

(
𝑘

𝑘UV

)3
(
5 + 4

9
𝑘2

𝑘2
d

)−2

, (17)

where 𝑘d is the comoving scale exiting the Hubble radius at PBH domination time and 𝑘UV stands
for a UV-cutoff scale defined as 𝑘UV ≡ 𝑎/𝑟 , where 𝑟 corresponds to the mean PBH separation
distance. Note that 𝑘 > 𝑘UV corresponds to distances within the mean separation distance, where
the granularity of the PBH matter field and the associated non-linear effects become important. For
this reason, we restrict ourselves in the following to regions where 𝑘 < 𝑘UV.
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Then, due to second order gravitational interactions [See [11] for details], the above power
spectrum associated to the PBH Poisson energy density fluctuations will induce GWs which can
contribute to the effective number of extra neutrino species Δ𝑁eff . The GWs induced by Poisson
PBH fluctuations can be produced in three different phases: in the early RD era, in the PBH
dominated era as well in the later RD era followed PBH evaporation. In particular, the dominant
contribution is due to the resonant GW production at 𝑘 ∼ 𝑘UV right after the onset of the late RD
era after PBH evaporation [43]. Consequently, in the region close to the UV cutoff scale, 𝑘 ∼ 𝑘UV,
where we expect the dominant GW production, one can approximate the GW spectrum today as
follows [18]:

ΩGW(𝑡0, 𝑘 ∼ 𝑘UV) ' 2 × 1040Ω
16/3
PBH,f

(
𝑚PBH

109g

)34/9
. (18)

At the end, one can write an analogous equation to Eq. (13) for the GW contribution to Δ𝑁eff ,
namely

Δ𝑁eff |SIGW =
𝜌GW(𝑡eq)
𝜌SM

rad (𝑡eq)

[
8
7

(
11
4

)4/3
+ 𝑁SM

𝜈

]
=
ΩGW(𝑡0)
ΩSM

rad (𝑡0)

[
8
7

(
11
4

)4/3
+ 𝑁SM

𝜈

]
, (19)

where for the last equality we accounted for the fact that both ΩGW and ΩSM
rad scales as 𝑎−4.

Accounting then for Eq. (18) as well for the fact that one gets that ΩGW(𝑡0) ' 10−5 one gets that

Δ𝑁eff |SIGW ' 6 × 1045Ω
16/3
f

(
𝑚PBH

109g

)34/9
. (20)

6. The overall contribution to Δ𝑁eff

Combining Eq. (16) and Eq. (20) one gets that the overall contribution to the effective number
of extra neutrino species reads as

Δ𝑁eff = Δ𝑁eff |DR + Δ𝑁eff |SIGW = 0.10
𝑔DR,𝐻

4

(
106

𝑔∗(𝑇evap)

)1/3
+ 6 × 1045Ω

16/3
f

(
𝑚PBH

109g

)34/9
. (21)

Let us now make an investigation of the dominant contribution to Δ𝑁eff and extract constraints on
the relevant parameters at hand.

6.1 Δ𝑁eff ' Δ𝑁eff |DR

In particular, if the DR degrees of freedom emitted out of the process of Hawking evaporation
is the dominant contribution to Δ𝑁eff then one has that Δ𝑁eff |DR ≥ Δ𝑁eff |SIGW leading to a upper
bound constraint on the PBH mass, namely that

𝑚PBH ≤ 30𝑀Pl

(𝑔DR,H

12

)9/34
(

108
𝑔∗(𝑇evap)

)3/34
Ω

−24/17
PBH,f

Then, by requiring that the above upper bound on the PBH mass is less than 109g so as that we
have PBH evaporation before BBN and requiring that PBH can drive for some time the Universe
expansion before BBN [See Eq. (7)] one can obtain a lower bound on the PBH mass, namely that

𝑚PBH ≥ 500g
(

12
𝑔DR,H

)3/16 (
𝑔∗(𝑇evap)

108

)1/16
.

7
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At the end, one gets that in order for the DR degrees of freedom to contribute dominantly to Δ𝑁eff

the PBH mass should lie within the following mass range

500g
(

12
𝑔DR,H

)3/16 (
𝑔∗(𝑇evap)

108

)1/16
≤ 𝑚PBH ≤ 30𝑀Pl

(𝑔DR,H

12

)9/34
(

108
𝑔∗(𝑇evap)

)3/34
Ω

−24/17
PBH,f . (22)

Taking as well into account the Planck upper limit on Δ𝑁eff [31], namely that Δ𝑁eff ≤ 0.3, one gets
an upper bound on the number of the DR degrees of freedom,

𝑔DR,H < 12
(
𝑔∗(𝑇evap)

108

)1/3
. (23)

6.2 Δ𝑁eff ' Δ𝑁eff |SIGW

On the other hand, if the dominant contribution to Δ𝑁eff comes from the SIGWs induced by
PBH Poisson fluctuations, then one can extract a lower bound on 𝑚PBH which should be larger than
10g for PBHs to form after the end of inflation [See Eq. (8)]. At the end, this lower bound on 𝑚PBH

translates to an upper bound on the PBH abundance at formation, ΩPBH,f which will read as

ΩPBH,f ≤ 5 × 10−3
(𝑔DR,H

12

)3/16
(

108
𝑔∗(𝑇evap)

)1/16
. (24)

In addition, requiring that Δ𝑁eff |SIGW ≤ 0.3 so as to be consistent with Planck [31], one gets another
upper bound on ΩPBH,f which can be recast as follows:

ΩPBH,f ≤ 2 × 10−8
(

109g
𝑚PBH

)34/9
. (25)

Thus, at the end one gets that in order for SIGWs from PBH Poisson fluctuations to contribute
dominantly to Δ𝑁eff the PBH abundance at formation time should lie within the following range:

10−15

√︂
𝑔∗,H(𝑇BH)

108
109g
𝑚PBH

≤ ΩPBH,f ≤ min

[
5 × 10−3

(𝑔DR,H

12

)3/16
(

108
𝑔∗(𝑇evap)

)1/16
, 2 × 10−8

(
109g
𝑚PBH

)34/9]
,

(26)
where the lower bound on ΩPBH,f comes from the necessary condition to have an early PBH-
dominated era [See Eq. (7)].

7. Conclusions

The Hawking evaporation of ultra-light PBHs dominating the early Universe before BBN can
efficiently alleviate the 𝐻0 tension issue. In particular, the injection to the primordial plasma of
dark radiation light degrees of freedom with feeble couplings to the Standard Model (SM) can
potentially increase the effective number of extra neutrino species Δ𝑁eff and subsequently the value
of the Hubble parameter at early times reconciling it in this way with its late-time value as measured
by late-time observational probes.

Interestingly, these light PBHs can form a gas of Poisson distributed compact objects which
can induce a gravitational-wave (GW) background due to second order gravitational interactions.

8
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Thus, by considering the contribution to Δ𝑁eff from the production of the aforementioned GW
background we revisited in this work the constraints on the relevant parameters at hand, namely the
PBH mass, 𝑚PBH, the initial PBH abundance at PBH formation time, ΩPBH,f and the number of DR
radiation degrees of freedom, 𝑔DR by accounting at the same time for the relevant upper bounds
constraints on Δ𝑁eff from the Planck collaboration. In this way, we gained an insight on the above
mentioned PBH domination mechanism for the alleviation of the 𝐻0 tension.

At this point, one should point out that the bounds derived above on 𝑚PBH and ΩPBH,f will be
slightly modified in the case of rotating Kerr-like PBHs. The biggest change in Δ𝑁eff |DR is inferred
in the case of graviton emission from PBH Hawking evaporation where for the case of a maximally
rotating PBH it is found that Δ𝑁eff |DR is 90% increased compared to the case of a Schwarzschild
PBH. On the other hand, in the case of other scalar, vector and fermionic DR degrees of freedom the
relative change of Δ𝑁eff |DR compared to the Schwarzschild case is of the order of a few percents.
For more details you can see [44] as well as [26] which was released soon after our contribution to
the Corfu 2022 Summer Institute.

Finally, let us mention some interesting future research directions which can be further in-
vestigated. Interestingly, one can study the effect of realistic extended PBH mass distributions,
where PBHs form with different masses and evaporate at different times prolonging in this way
the duration of the early PBH-dominated era and potentially increase Δ𝑁eff from both the DR and
the GW contribution [45]. Another research prospect to be explored is the study of the effect of
non-Gaussian features of the primordial PBH energy density perturbations on the associated to them
GW signal [46]. In particular, by using the aforementioned GW portal one can set constraints on
primordial non-Gaussianity by studying the GW contribution to Δ𝑁eff . It would be also interesting
to investigate the contribution to Δ𝑁eff of the above mentioned GW background within alternative
theories of gravity [47] constraining at the end their parameter space and testing the current gravity
paradigm.
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