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When rotating primordial black holes evaporate via Hawking radiation, their rotational energy and mass
are dissipated with different dynamics. We investigate the effect of these dynamics on the production of
dark radiation—in the form of hot gravitons or vector bosons—and noncold dark matter. Although the
production of higher spin particles is enhanced while primordial black holes (PBHs) are rotating, we show
that the energy density of dark radiation experiences an extra redshift because their emission effectively
halts before PBH evaporation completes. We find that taking this effect into account leads to suppression by
a factor of Oð10Þ of ΔNeff for maximally rotating black holes as compared to previous results. Using the
solution of the Friedmann and Boltzmann equations to accurately calculate the evolution of linear
perturbations, we revisit the warm dark matter constraints for light candidates produced by evaporation and
how these limits vary over black hole spins. Due to the interplay of enhanced production and late dilution,
we obtain that higher spin particles are most affected by these bounds.
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I. INTRODUCTION

Determining the evolution of the early Universe before
big bang nucleosynthesis (BBN) era is not an easy task.
Although observational data regarding the cosmic micro-
wave background (CMB) may constrain very early stages
of the Universe evolution such as cosmic inflation, very
little is known about the postinflationary phase of our
Universe’s history. Indeed, the thermalization of Standard
Model (SM) particles at early time is expected to erase all
traces of the initial conditions that led to the hot big bang
era with which we are familiar. The discovery of gravita-
tional waves (GWs) [1,2] opened the door to new ways of
probing the evolution of the early Universe, either through
the detection of recent astrophysical events or through the
measurement of a stochastic background of GWs produced
in the primordial Universe (see, e.g., Ref. [3] and references
therein for a review). Historically, however, measurements
of the number of effective relativistic degrees of freedom
Neff have provided important information regarding the
Universe before BBN, for example, by confirming the
description of neutrino decoupling. In the realm of physics
beyond the SM, measurements of Neff provide vital
constraints on models with light particles. Many different
models predict a deviation of Neff from the minimal

situation where only neutrinos and photons dominate the
SM radiation energy density, see, e.g., Refs. [4–11].
A particularly appealing scenario that has attracted

renewed attention is the formation and evaporation of
primordial black holes (PBHs) [12–14]. PBHs could have
dominated the evolution of the Universe before the BBN
epoch, leading to observational tests such as GWs [15,16]
or contributions toNeff as PBHs emit all existing degrees of
freedom in nature [17,18], including light states that could
modify the number of relativistic degrees of freedom, see
Ref. [19] for a recent and complete review. Among the
many beyond the Standard Model (BSM) light particles
predicted in diverse scenarios, one candidate stands out:
the massless spin-2 mediator of gravity, the “graviton.” As
many consider the graviton’s existence to be guaranteed,
one could, in principle, constrain the presence of PBHs in
the pre-BBN early Universe by measuring either modifi-
cation to Neff , parametrized by ΔNeff, or GWs in future
experiments [20]. However, let us note that, if the PBHs
were of the Schwarzschild type, graviton emission is
suppressed compared to other degrees of freedom. The
rationale behind such diminished production lies in the
dependence of the Hawking emission rate on absorption
probabilities, or gray body factors, which are reduced at
low energies for larger values of the total angular momen-
tum of the incoming—or emitted—particle.
If, on the other hand, PBHs had an initial nonzero

angular momentum, the emission of higher spin particles
becomes enhanced [21–23], leading to an augmented
number density of emitted gravitons, which in turn could
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lead to observable modifications to Neff , as first studied in
Refs. [24–28]. These works computed the contribution to
ΔNeff considering the time evolution of both mass and spin
and demonstrated that future CMB-HD [29] experiments
could, in principle, probe the existence of PBHs. In this
paper, we revisit the derivation of ΔNeff for hot gravitons
produced by the evaporation of spinning—Kerr—PBHs.
Since the BH angular momentum is depleted much faster
than its mass, the enhanced emission of spin-2 particles
only occurs in the first stages of evaporation, such that
graviton production effectively stops before the PBHs have
entirely evaporated. Thus, there is an additional and crucial
redshift that gravitons experience, which in the past has
been neglected or partially accounted for when calculating
ΔNeff . We thus improve on previous treatments by care-
fully tracking the time evolution of PBH mass and angular
momentum, together with the Universe’s evolution. We
assume a monochromatic mass and spin distribution and
consider that the PBH population acquired a significant
angular momentum via some unspecified mechanism.
We find a difference of a factor of Oð10Þ to previous
estimates for close-to-maximally rotating PBHs in the
determination of ΔNeff . Moreover, we determine the
sensitivity to the initial PBH density fraction as a function
of the initial PBH mass in the range 10−1 ≲Min

BHðgÞ≲ 109

for gravitons and new light vectors from future measure-
ments of ΔNeff .
The unique dynamics that Kerr PBHs possess will also

produce important modifications in the generation of
additional and stable BSM states, which could constitute
the dark matter (DM) [24,26–28,30–43]. Constraints from
structure formation, especially for light DM, where
mDM ≲ 103 GeV, significantly impact the allowed param-
eter space, as demonstrated in [27,33,37]. In the second part
of this work, we return to the derivation of such limits on
light DM by solving the complete set of Friedmann-
Boltzmann equations together with angular momentum
and mass depletion rates to provide accurate inputs for
calculating the evolution of linear perturbations in the
Universe. For the latter task, we use CLASS [44–46] to
obtain updated warm dark matter constraints. Moreover, we
perform a systematic study of how these constraints vary
over black hole spins, finding that higher spin particles are
most affected, where the same story of enhanced produc-
tion and late time dilution plays out, but with the additional
effect of redshift acting to slow the matter particles.
This manuscript is organized as follows. In Sec. II, we

describe the time evolution of Kerr PBHs, emphasizing the
angular moment evaporation. Next, we detail the determi-
nation of ΔNeff for gravitons and additional light vectors in
Sec. III, comparing with existing results in the literature.
Finally, Sec. IV is devoted to the specific scenario of light
DM emission from Kerr PBHs, where we determine the
redshifted phase-space distribution of DM and the sub-
sequent rederivation of hot DM constraints. We draw our

conclusions in Sec. V. Throughout, we assume natural units
where ℏ ¼ c ¼ kB ¼ 1.

II. EVAPORATION OF KERR PRIMORDIAL
BLACK HOLES

When PBHs evaporate, they emit particles of all kinds
at rates that differ depending on the particle’s quantum
numbers and the mass and angular momentum of the
evaporating PBH. As a consequence, their mass and
angular momentum are depleted at rates that depend on
the initial PBH properties. To derive such evaporation
equations, let us consider the Hawking emission rate of any
particle species i, within a time (dt) and momentum (dp)
interval, given by [17,18]

d2N i

dpdt
¼ gi

2π2
X
l¼si

Xl

m¼−l

d2N ilm

dpdt
; ð1Þ

with

d2N ilm

dpdt
¼ σlmsi ðMBH; p; a⋆Þ

exp ½ðEi −mΩÞ=TBH� − ð−1Þ2si
p3

Ei
; ð2Þ

where MBH is the instantaneous PBH mass, Ei (gi) is the
energy (internal degrees of freedom) of particle i, Ω ¼
ða⋆=2GMBHÞð1=ð1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2⋆

p
ÞÞ is the angular velocity of

the horizon, G is Newton’s constant, and l and m are the
total and axial angular momentum quantum numbers,
respectively. An essential quantity in Eq. (2) is the absorp-
tion cross section σlmsi , which characterizes the possible
backscattering of particles in the presence of centrifugal
and gravitational potentials [17,18,21,23]. Such cross
sections are determined from reflection and transmission
coefficients of scatterings by the gravitational potential
after solving equations of motion in a curved spacetime
around the BH. For the specific case of spinning BHs, we
have followed the method established in Refs. [47–49],
where the problem is reduced to solve Schrödinger-like
one-dimensional wave equations whose potentials depend
on the particle’s spin.
The BH mass and spin loss rates are calculated by

summing Eq. (1) over the different species and integrating
over the phase space to obtain [50,51]

dMBH

dt
¼ −ϵðMBH; a⋆Þ

M4
p

M2
BH

; ð3Þ

da⋆
dt

¼ −a⋆½γðMBH; a⋆Þ − 2ϵðMBH; a⋆Þ�
M4

p

M3
BH

; ð4Þ

where Mp ¼ 1.22 × 1019 GeV denotes the Planck mass,
a⋆ ¼ JM2

Pl=M
2
BH is the dimensionless spin parameter of the

BH, and ϵðMBH; a⋆Þ [γðMBH; a⋆Þ] is the evaporation
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(angular momentum evaporation) function, which depends
on the BH instantaneous mass and spin and the total
degrees of freedom existing in nature. For a given particle
type i, the functions γiðMBH; a⋆Þ and εiðMBH; a⋆Þ are

εiðMBH; a⋆Þ ¼
gi
2π2

Z
∞

0

X
l¼si

Xl

m¼−l

d2N ilm

dpdt
EdE; ð5Þ

γiðMBH; a⋆Þ ¼
gi
2π2

Z
∞

0

X
l¼si

Xl

m¼−l
m
d2N ilm

dpdt
dE; ð6Þ

where the details on how to calculate these parameters can
be found in Ref. [40].
Let us now consider the time evolution of a close-to-

maximally rotating BH, having an initial spin parameter
a⋆;in → 1 and an initial massMin

BH. In Fig. 1, we present the
numerical solution to the system of equations where fðξÞ
denotes alternatively M̃max

BH ðtÞ≡MBHðξÞ=Min
BH (purple) or

amax⋆ ðξÞ (green dashed), being ξ≡ t=τ ∈ ½0; 1�, with τ
denoting the PBH lifetime. As seen from this figure, the
spin of a Kerr BH is generally depleted via Hawking
evaporation much faster than the mass. Indeed, at around
t ∼ 0.65τ, one can observe that the spin has dropped over
one order of magnitude (a⋆ ∼ 0.1), whereas the mass has
only decreased by a half (M ∼ 0.5Min). As we will see in

the following sections, this rapid decrease of the spin,
compared to the mass, implies that a careful treatment of
Hawking evaporation, which simultaneously takes into
account the evolution of the Universe, is required when
dealing with a particle production that is strongly spin
dependent.
Interestingly, it was shown in Ref. [22] that, in the limit

of light evaporation products, the solution of Eqs. (3) and
(4) can be generically obtained for any initial mass and spin
from the evolution of a close-to-maximally rotating BH,
a⋆;in ¼ 1. To obtain the generic solution, the following
transformations must be performed:

a⋆ðξÞ ¼ amax⋆ ð½1 − xi�ξþ xiÞ; ð7aÞ

M̃BHðξÞ ¼
M̃max

BH ð½1 − xi�ξþ xiÞ
M̃max

BH ðxiÞ
; ð7bÞ

wherexi is such thatamax⋆ ðxiÞ ¼ a⋆;in.We then can extend the
previous discussion about the timedependence of higher spin
particle emission. For the case where a⋆;in ¼ 0.7, average
spin value from hierarchical merger rates [52], we find that
only ∼40% of the initial mass has been depleted when
a⋆ ¼ 0.1, demonstrating the importance of correctly tracking
the evolution of the PBH mass and spin with respect to the
overall evolution of the Universe.

III. DETERMINATION OF ΔNeff

The number of relativistic degrees of freedom in the early
Universe is extremely sensitive to the thermal history of the
Universe’s particle physics content. All SMparticles, includ-
ing neutrinos, are in thermal equilibrium at high temper-
atures. As the temperature of the thermal plasma decreases,
SM particles become nonrelativistic and decoupled from the
thermal bath, releasing their energy to lighter species through
annihilation or decay processes. Neutrinos, however, decou-
ple while relativistic, effectively following a Fermi-Dirac
distribution, despite their interaction rate becoming ineffi-
cient compared to the Universe’s expansion rate. Assuming
that the neutrinos decoupled instantaneously, the subsequent
decoupling of the electrons from the thermal bath is expected
to inject entropy exclusively in the photon bath, which
effectively shifts the neutrino temperature as compared with
the photon temperature,

Tν ¼ ð4=11Þ1=3Tγ: ð8Þ

In the absence of any further considerations, one would
expect the energy density of radiation today to follow the
relation

ρSMR ¼ ργ

�
1þ 7

8

�
Tν

Tγ

�
NSM

eff

�
; ð9Þ

FIG. 1. The purple curve shows the evolution of M̃max
BH ðξÞ≡

MBHðξÞ=Min
BH, the BH mass normalized to initial mass, while the

green dashed curve presents the angular momentum depletion
amax⋆ ðξÞ as a function ξ, the time normalized to the BH total
lifetime. The presented solutions are obtained for an initially
maximally rotating BH (a⋆;in ¼ 1). The time evolution for any
other a⋆;in < 1 can be derived from these curves after performing
a suitable transformation, see text.
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where ργ is the energy density of the photon bath andNSM
eff is

the number of relativistic neutrinos, which would naively be
3. However, this is in fact Neff ≈ 3.045 [53,54]. The reason
for this extra contribution is twofold: (i) electrons transfer a
fraction of entropy into the neutrino sector through QED
corrections, and, most importantly, (ii) the decoupling of
neutrinos is not instantaneous. The amount of entropy
transferred from the electron sector to neutrinos out of-
equilibrium is temperature dependent. Therefore, the non-
instantaneous nature of neutrino decoupling is critical as it
affects how much entropy the electrons can transfer to the
neutrino sector after decoupling.
In the event that a dark sector may contribute to the

energy density of radiation today, one usually defines this
extra amount of relativistic degrees of freedom ΔNeff as

ρR ≡ ργ

�
1þ 7

8

�
Tν

Tγ

�
ðNSM

eff þ ΔNeffÞ
�
: ð10Þ

Denoting the energy density of dark radiation as ρDR and
using Eq. (9) together with the fact that ρR ¼ ρSMR þ ρDR
allows to one invert this relation to obtain

ΔNeff ≡
�
8

7

�
4

11

�
−4
3 þ NSM

eff

�
ρDR
ρSMR

; ð11Þ

where both ρSMR and ρDR are evaluated at present time.
Computing the contribution of PBH evaporation to ΔNeff
therefore requires the precise evaluation of the energy
density of dark radiation ρR produced during the evapo-
ration process.
The possibility that PBHs contribute significantly toΔNeff

was thoroughly studied by different groups [24–28]. Those
studies showed that theHawking production of particleswith
spin ≥ 1 becomes significantly enhanced in the presence of
a large PBH spin. In the context of dark matter production
from PBH evaporation, this same conclusion was reached in
Refs. [40,41] in a complete numerical analysis, including
the full gray body factors and the dynamical solving of
Boltzmann and Friedman equations.
By nature, the evaporation of PBHs is not an instanta-

neous process and, similar to the decoupling of neutrinos in
the SM, it is natural to question whether the time evolution
of the evaporation process for Kerr PBHs may affect
predictions for the value of ΔNeff . As we have seen in
Sec. II, the dynamics of the evaporation are encoded in a
two-dimensional differential system, describing the non-
trivial evolution of both the mass and spin of the BH as
a function of time [see Eqs. (3) and (4)]. Spinning PBHs
tend to lose most of their spin in the first phase of the
evaporation before the remaining mass evaporates in the
second phase. These complicated dynamics have two major
effects: (i) the total lifetime of a spinning PBH is affected
by the initial value of its spin, and (ii) the production of
vector and tensor particles is significantly enhanced
during the first phase of the evaporation (when the spin

is nonzero) but becomes similar to the one of a
Schwarzschild PBH toward the end of the evaporation
process. In Refs. [24,25,28] the first of those two effects
was considered via calculation of the PBH lifetime in the
presence of the BH spin. However, instantaneous evapo-
ration was assumed when computing different particle
abundances, affecting the contribution to ΔNeff . To go
beyond this approximation, we solve the Friedmann equa-
tions simultaneously with the evaporation dynamical sys-
tem of Eqs. (3) and (4). We will assume PBHs were formed
after overdense perturbations entered the Hubble horizon
during a radiation-dominated era. This common assump-
tion leads to the generic one-to-one relation between the
initial mass of the PBH and the initial energy density of the
Universe at the time of PBH formation,

Min
BH ¼ 4π

3
γ
ρi
H3

i
; ð12Þ

where γ ¼ 0.2 is a dimensionless gravitational collapse
parameter and Hi is the Hubble parameter [55]. For further
convenience, we will quantify the energy fraction of PBHs
in the Universe, at the time of their formation, using the
parameter

β0 ≡ γ1=2
�
g⋆ðT inÞ
106.75

�
−1=4 ρinPBH

ρin
: ð13Þ

The set of equations that are to be solved numerically
consists of the Friedmann equation

3H2M2
p

8π
¼ ρSMR þ ρDR þ ρPBH; ð14Þ

together with the set of Boltzmann equations describing
the evolution of the SM radiation (R), dark radiation (DR),
and PBH energy densities throughout the history of the
Universe, which are given by [40,56]

_ρSMR þ 4HρSMR ¼ −
d logMBH

dt

				
SM

ρPBH; ð15aÞ

_ρDR þ 4HρDR ¼ −
d logMBH

dt

				
DR

ρPBH; ð15bÞ

_ρPBH þ 3HρPBH ¼ d logMBH

dt
ρPBH; ð15cÞ

respectively. We determine the solutions of the Friedmann,
Boltzmann, and BH evolution equations using our code
called Friedmann solver for black hole evaporation in the
early Universe (FRISBHEE), which will be publicly available
at https://github.com/yfperezg/frisbhee.1

1A detailed instruction manual for the usage of FRISBHEE will
be released in the near future.
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Once the evaporation has completed, the SM evolves
independently from DR, and the energy densities of the two
sectors at present time can easily be extrapolated from their
values after evaporation using entropy conservation. The
value of ΔNeff can therefore be calculated using [24]

ΔNeff ¼
�
8

7

�
4

11

�
−4
3 þ NSM

eff

�
ρDRðTevÞ
ρSMR ðTevÞ

×

�
g�ðTevÞ
g�ðTeqÞ

��
g�SðTeqÞ
g�SðTevÞ

�4
3

; ð16Þ

where NSM
eff ¼ 3.045 denotes the effective number of

relativistic neutrinos in the SM [54], Tev is the plasma
temperature when the PBHs have evaporated, and Teq ¼
0.75 eV is the temperature at which matter-radiation
equality occurs.

A. Graviton contributions to ΔNeff

Despite having no hopes of detecting the graviton
anytime soon, its existence is often assumed when quantum
field theorists consider gravitation. As any massless spin-2
field would give rise to gravity, this further cements the
belief that such a particle is likely to exist. Given the
graviton’s status as an “honorary” member of the Standard
Model, one can view the constraints on its energy density
produced by evaporating BHs as a pure test of the possible
PBH abundance in the early Universe.
To understand the effect of redshifting during the non-

instantaneous evaporation, we present in Fig. 2 an example
of the evolution of the energy densities for a PBH with

Min
BH ¼ 105 g and assuming β0 ¼ 10−3. In the left (right)

panel, we show the evolution of the energy density of the
SM radiation and PBHs in blue and black, respectively,
for Schwarzschild (Kerr with a⋆ ¼ 0.99) PBHs. In the
bottom panels, the energy density of the gravitons relative
to the SM radiation is shown. In the Schwarzschild case,
the PBHs come to dominate the energy density of the
Universe at a ∼ 103 and their evaporation becomes relevant
at a ∼ 1012; however, the SM radiation energy density
begins to increase around a ∼ 109. We see that the fraction
of the radiation energy density consisting of gravitons
increases simultaneously as the visible radiation energy
density increases and then plateaus as the gravitons
contribute a constant fraction toward the total radiation
energy density. For Kerr PBHs, we observe that gravitons
are amply produced while the PBHs spins are nonzero as
the fractional energy density of the gravitons to the total
radiation increases sharply (is overall larger than in the
Schwarzschild case) and plateaus. However, in the final
stage of evaporation, when the rotational energy has been
depleted, the PBH remains massive and continues to
evaporate. Meanwhile, the gravitons are free streaming,
thus only experiencing redshift. Therefore, the graviton
contribution to the total radiation bath is reduced as photon
production dominates [shown by the steep decrease after
log10ðaÞ ∼ 11 in the lower panel].
In Fig. 3, we show the predictions for ΔNeff that we

obtain when primordial black holes of various spins domi-
nate the energy density of the Universe evaporate and
produce massless gravitons as they evaporate (solid lines).
The heavier the initial PBH mass, the more significant the

FIG. 2. Evolution of the energy density of PBH (blue) and SM radiation (black) in the case of Schwarzschild black holes (left) and
Kerr black holes with spin a⋆ ¼ 0.99 (right). The bottom panels depict the evolution of the graviton contribution to the total energy
density of radiation during the evaporation process.
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contribution to ΔNeff as heavier PBHs have longer life-
times and produce more gravitons. Furthermore, we
observe that the higher the initial spin of the PBH
populations, the more significant the contribution to the
ΔNeff as the graviton production is enhanced. To visualize
how the noninstantaneous nature of the evaporation affects
the results, we also derived similar results where we
account for the redshift of the evaporation products only
after the PBHs entirely evaporated (dashed lines). As one
can see, the results match in the case of Schwarzschild
PBHs (a⋆ ¼ 0), whereas a discrepancy develops for
increasing spins. For the case a⋆ ¼ 0.99, we observe that
the effect of including redshift during the PBH evaporation
process reduces the contribution to ΔNeff by almost an
order of magnitude over the entire considered mass range of
PBHs when we compare our results (solid line) with the
findings of Ref. [25] (dot-dashed line), Ref. [28] (dotted
line), and Ref. [27] (dot-dot-dashed horizontal bar) which
we refer to as papers A, B, and C, respectively, in Fig. 3. In
paper B it was noted that the dynamics of the evaporation
are modified in the case of a Kerr black hole, which affects
the value of ρRðTEVÞ at the end of evaporation. However, it
is assumed that the energy density of dark radiation at
evaporation ρDRðTEVÞ is affected in the same proportion,

which led the authors of paper B to claim that this does not
affect the calculation of ΔNeff since only the ratio of the
two quantities appears in Eq. (16). The authors of paper
A do not explicitly explain whether their calculation of
ΔNeff includes the effect of the dark-radiation redshift;
they obtain quantitatively similar results to paper B,
which suggests that they used a similar approximation.
Interestingly, paper C in the figure (horizontal dot-dot-
dashed bar) does show a discrepancy with the former
papers in the case of Kerr PBHs. This reference considers
the redshift when integrating over the evaporation dynam-
ics. However, paper C also assumes that the Universe is
exactly matter dominated until PBHs fully evaporate. This
does not fully account for the cosmological dynamics of
the evaporation and explains why the results of paper C are
somewhat intermediate between our results and the results
presented in papers A and B.
Unsurprisingly, our results, which do not account for the

redshift of the evaporation products during the evaporation
process, match the results of papers A and B relatively well.
This is easy to understand: the production of gravitons via
PBH evaporation is enhanced for larger PBH spin.
However, as we have seen in Sec. II, the spin of a Kerr
PBH is depleted by evaporation much faster than its mass.

FIG. 3. PBH contribution to ΔNeff assuming only the Standard Model and a massless graviton. We assume PBH domination and
monochromatic BH distributions in massMin and spin a⋆. The solid lines correspond to our calculation, solving for the number densities
in a time evolving manner. The teal, purple, and orange lines correspond to a⋆ ¼ 0.0, 0.7, and 0.99, respectively. We overlay sensitivities
of current and future experimental sensitivities to ΔNeff at 2σ C:L: Current limits of [57] and are denoted as CMB1 (TTþ lowE,
conservative) and CMB2 (TT, TE, EEþ lowE, more stringent) and future projections from CMB-HD [29]. We also compare our results
to Refs. [25,27,28], referred to as papers A, B, and C, respectively. Also included are the results to our calculation neglecting the effects
of redshift from noninstantaneous BH evaporation, see text for details.
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Gravitons, which are thus produced copiously at the
beginning of the evaporation, behave like radiation, while
the mass energy of the remaining PBHs behaves like matter
until PBHs fully evaporate mostly into SM particles. In the
case of PBHs with large spin, the time difference between
the production of gravitons and SM particles is large. In
that case the energy density of gravitons redshifts signifi-
cantly until the final production of SM particles, during
which the production of gravitons is negligible. This has
the effect of depleting the value of ρDRðTEVÞ used in
Eq. (16), which, in turn, explains the large suppression of
ΔNeff that we obtain for nonzero PBH spins. This redshift
effect can only be captured by solving both the mass and
spin loss rate of the PBHs while simultaneously tracking in
time the evolution of the Universe. We note that our results
and those of papers A and B all exhibit the characteristic
bump at Min ¼ 8 × 107 g (corresponding to a reheating
temperature of ∼100 MeV), which manifests from the fact
that the number of degrees of freedom is sensitive to the
QCD equation of state.
In Fig. 3, we show some current and future predicted

sensitivities toΔNeff by three relevant CMB surveys: the two
current constraints are taken from the Planck Collaboration
[57] and are denoted as CMB1 (TTþ lowE, conservative)
and CMB2 (TT, TE, EEþ lowE,more stringent). The future
CMB survey, CMB-HD [29], shows an order of magnitude
improvement in sensitivity to ΔNeff at the 2σ C:L:
For a review of the sensitivities of other cosmic surveys

including CORE [58], DESI [59], and EUCLID [60], see
Ref. [61]. We observe that including the effect of redshift
bears a pessimistic result for current or future experiments.
Nonetheless, it is essential to realize that current CMB
results are not close to constraining early maximally
spinning PBH populations through the emission of grav-
itons. The range of Min

BH in Fig. 3 is 105–109 g because the
driving factor behind changes in ΔNeff is the variation of g�
and g�S, which for the SM is constant outside the plot.
One can simply extrapolate the end points of the limits,
however, when one goes to lower Min

BH values, the
possibility to have PBH domination becomes limited.
We note that we have considered the value of a⋆ ¼ 0.99
in order to compare with the literature. Larger values of a⋆
would increase the value of ΔNeff since the Hawking
temperature and particle emission is significantly enhanced
for larger angular momenta. We have verified that, for a
close-to-maximally rotating PBH with a⋆ ¼ 0.9999, the
contribution to ΔNeff is increased by a factor of ∼15% in
comparison to the case of a⋆ ¼ 0.99.
In Fig. 4, we show the contribution of hot gravitons to

ΔNeff from the evaporation of Kerr PBHs according to our
calculation described above. The PBH distributions con-
sidered are monochromatic in Min

BH, which is varied along
the x axis, and we keep a⋆ ¼ 0.99 fixed. More realistic
cases of mass and spin distributions will be investigated in
forthcoming works. We no longer assume that β0 > βc,

where βc is the critical value of the initial PBH density from
which PBHs would eventually dominate the evolution of
the Universe.
One can see that, assuming instantaneous evaporation

(black dashed line), CMB-HD would achieve sensitivity
below βc, which would constitute an even stronger limit
than reported by Refs. [25,28] because they always assume
β0 > βc. However, when the effect of redshift during the
noninstantaneous evaporation is considered (brown dashed
line), the projected sensitivity for CMB-HD is much less
optimistic and the projected sensitivity for CMB-HD, if
present, is above the βc except for when Min

BH ≳ 107 g.
A few comments on the shape of the limits are in order;

we focus on the brown dashed line which more accurately
captures the physics. In the β0 > βc region it is usually
assumed thatΔNeff becomes insensitive to the precise value
of β, because PBH domination has been achieved and one
can effectively take this point as an initial condition. In this
case then only Min

BH is relevant as this determines when the
injection of dark radiation happens and therefore ρSMR . This
situation is certainly visible for β0 ≳ 10−10 and we can say
that PBHs totally dominate. Below this, the line starts to
vary due to two effects, both of which enhance the
contribution to ΔNeff as Min

BH is increased. One effect
comes with PBHs being less dominant; they therefore
dilute ρDR less. The other comes from variations of g� and
g�S, which as seen in Eq. (16) affects the value ofΔNeff . For
lower values still, where β0 < βc, we do see that a small
region of parameter space will be probed by CMB-HD, this
is aided by the fact that g� has dropped, showing that one
need not assume PBH domination to hope to detect the
effects on ΔNeff . The shape of the limit here mimics the
1=Min

BH behavior of the βc line because, with a later
evaporation time, a smaller PBH population has more time

FIG. 4. Color map showing PBH contribution to ΔNeff in the β0

andMin
BH plane. As in Fig. 3, we assume only the Standard Model

and massless graviton as well as monochromatic Min
BH and a⋆

distributions. Here we show the results for a⋆ ¼ 0.99.
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to exploit the difference in cosmic scaling. Finally, it can be
noted that the production of gravitons from PBHs with spin
a ¼ 0.7 escapes the sensitivity of future experiments, as
can also be seen from Fig. 3.

B. BSM contributions to ΔNeff

This section explores possible contributions to ΔNeff
from light particles, which are marginally more hypotheti-
cal than the graviton. However, with the recent determi-
nation of the muon anomalous magnetic moment,
aμ ¼ ðg − 2Þμ=2, by the E989 experiment at Fermilab
[62] and planned CERN NA64μ [63,64] and Fermilab
M3 [65] experiments, the number of known light vectors
may be about to change.
As is well established, the emission of spin-1 particles is

enhanced for rotating BHs as they attempt to shed their
angular momentum. However, this enhancement is less
pronounced than in the case of the graviton as they have a
lower spin. On the other hand, the absorption cross section
σsi as seen in Eq. (1), calculated in the Schwarzchild metric
for spin-1 particles, is much less suppressed than for spin-2
particles. This means that a more significant proportion of
the radiation will be produced at late times, meaning they
will not experience as much dilution as their spin-2
counterparts.
In Fig. 5, we show the effect this new vector would have

on ΔNeff if there was a population of PBHs in the early
Universe. First, let us focus on the left panel and compare
our results for the contribution of hot gravitons or dark
vector bosons to ΔNeff . Generally, the structure of these
two plots resembles that of Fig. 4, where the contribution to
ΔNeff becomes larger for greater initial energy densities
of the PBH population; however, the picture looks less
pessimistic. For both cases, taking the instantaneous
evaporation approximation overestimates the sensitivity
projections for CMB-HD, but to a much lesser extent.

For a⋆ ¼ 0.99, the projections when accounting for non-
instantaneous evaporation are much more constraining than
the tensor case in Fig. 4. Naturally the constraints from
CMB-HD becomes weaker in the lower PBH spin case
(right panel of Fig. 5) than in the higher spin case (left panel
of Fig. 5) as less vector particles are produced as the initial
PBH spin is lower. Furthermore, as we see in the right panel
of Fig. 5, CMB-HD will be sensitive to vector radiation
from a population of black holes with a more modest spin,
a⋆ ¼ 0.7. In fact, above Min

BH ∼ 108 g the sensitivity we
estimate is very similar for both values of a⋆, where the
lines go below βc.

IV. PHASE-SPACE DISTRIBUTION OF MATTER

If the emitted particles from PBHs are massive, stable,
and sufficiently inert, they may constitute part or all of the
dark matter required by our current understanding of
structure formation in the Universe. This mechanism of
gravitational production of dark matter does not rely on
any other interaction and is extremely efficient, particularly
for heavy dark matter masses, up to mDM ∼Mp, see
Refs. [24,26–28,30,31,33–43] for further details. If PBH
evaporation is solely responsible for producing massive
noninteracting dark matter, then the dark matter would cool
with the expansion of the Universe and be consistent with
the cold dark matter picture. This may not necessarily
be the case for masses below 103 GeV, and if the dark
matter was produced too late, their free-streaming length
might be incompatible with observations of small-scale
structures [66].
In this section, we improve on our previous estimates

for the warm dark matter constraints given in Ref. [40]
by following the methodology of [27,33,37]. The key
difference from our previous work is that, in this paper,
we track the complete evolution of the dark matter phase-
space distribution to obtain the input parameters for the

FIG. 5. Same as Fig. 4, but for a massless vector with two different values for BH spin a⋆ ¼ 0.99 and a⋆ ¼ 0.7 on the left and right,
respectively.
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computational tool for calculating anisotropies, CLASS

[44–46]. Furthermore, what separates this work from the
literature [27,33,37] is that we have numerically solved
the Friedmann and Boltzmann equations and by using the
precise evolution of the plasma temperature TðtÞ and scale
factor aðtÞ.
Following [33], one needs to determine the phase space

of the dark matter distribution fDM, which is defined as

gDMfDM ¼ dnDM
d3p

; ð17Þ

where gDM is the number of degrees of freedom, p is the
three-momentum, and nDM is the dark matter number
density. One provides fDM at the time of dark matter
production to CLASS. In our case this is tev, which is easily
defined for the monochromatic distributions. Therefore,
one can write

fDM ¼ nBHðtinÞ
gDM

�
aðtinÞ
aðtÞ

�
3 1

p2

dN DM

dp

				
t¼tev

; ð18Þ

where tin is the scale factor at formation, and we have
used the fact that the comoving number density of BHs is
constant up until they evaporate. The particle emission rate
per momentum is calculated by taking the emission rate
given in Eq. (1) and integrating over time,

dN DM

dp
¼

Z
τ

0

dt0
aðτÞ
aðt0Þ ×

d2N DM

dp0dt0

�
p
aðτÞ
aðt0Þ ; t

0
�
: ð19Þ

One can see that the noninstantaneous nature of particle
emission is taken into account by including the ratio of scale
factors at a given t. Since the above determination of
dN DM=dp is the norm in the literature, we do not expect
differences on the scale found in Sec. III; however, we note
that, as pointed out in Ref. [40], the relic density calculation
is highly sensitive to the value of aðtÞ and Tev. In fact, Tev
also enters in the determination of the matter power spec-
trum as outlined in Ref. [33], when one evaluates the time-
independent noncold dark matter (NCDM) temperature,

T ncdm ¼ T in
aðtevÞ
Tðt0Þ

¼ T in

Tev

�
gs⋆ðT0Þ
gs⋆ðTevÞ

�
1=3

; ð20Þ

where T in is the plasma temperature at the time of the PBH
formation, which we assume to take place during radiation
domination,2 and Tðt0Þ is the temperature today.
Equipped with the inputs from Eqs. (19) and (20) one

can determine the matter power spectrum PðKÞ from CLASS

and compare to that of the cold dark matter (CDM), matter
power spectrum by way of the transfer function,

PðkÞ ¼ PCDMðkÞT2ðkÞ; ð21Þ

where k is the wave number. Barring inconclusive or short-
lived anomalies, the CDM paradigm is largely supported by
astrophysical observation [67],meaning thatT2ðkÞ ≈ 1 in the
regions where experimental observations have been made.
Naturally, observing structures at greater k is increasingly
difficult because such small galaxies do not support star
formation. Measurements from Lyman-α are the probes of
PðkÞ at highest k [68,69], see Refs. [70,71] for work on
proposed studies at higher k. Following Refs. [33,66,72] we
perform parameter fits in the parametrization

TðkÞ ¼ ð1þ ðαkÞ2μÞ−5=μ; ð22Þ

where μ is a dimensionless exponent which is fixed to μ ¼
1.12 as inRef. [72] and α is the breaking scale,whichwe take
to be saturated at α ¼ 1.3 × 10−2 Mpc h−1 [33,69,72,73].
The above methodology has been performed previously

in the literature. For example, in Refs. [33,37] these
constraints were calculated for Schwarzschild black holes
where Ref. [37] uses emission rates shown in Eq. (1) from
the BlackHawk code. Reference [27] estimated the effects
Kerr distributions would have on the warm dark matter
constraints by using a weighted integral of the emission
rate. The primary difference in our work is that we use the
solution of the coupled Boltzmann equations such that we
have fully tracked the evolution of the scale factor and
plasma temperature. For scalar, fermion, and vector par-
ticles we use emission functions calculated following the
procedure in Refs. [47,49,74] to compute the cross sections
σlmsi , where we find good agreement with BlackHawk [75]. For
the spin-2 case [48], we use the gray body factors from
BlackHawk [75] which we checked to be consistent
with Ref. [20].
Using FRISBHEE, for a given mDM, a⋆, and intrinsic

particle spin sDM, we determine the values of β0 and Min
BH

such that the dark matter relic abundance matches that of
the Planck Collaboration’s measured value, ΩDMh2 ¼ 0.12
[57]. We then take those parameter values to calculate fDM
and T ncdm using Eqs. (18) and (20). Figure 6 illustrates
our procedure, in which we show the β0 and Min

BH values
needed to produce the correct relic abundance through
evaporation only for a range of mDM values. Above these
lines, dark matter would be overproduced and below it
would be underproduced. Along each line, a blackþ
symbol appears, which signifies the region of parameter
space where the bound from Lyman-α is saturated, such
that points with greater Min

BH will be in tension with the
observed matter power spectrum.
In agreement with the literature before us, we find

that, for monochromatic distributions, the warm dark
matter constraint, applied to dark matter with masses
mDM ≤ 103 GeV, can be be well approximated by a simple
relation,

2We can simply determine this initial temperature from the
initial PBH mass in Eq. (12).
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β0 ≤ η

�
Mp

Min
BH

�
; ð23Þ

where η is a dimensionless parameter that varies depending
on a⋆. In Refs. [33,37] the limit is presented as a multiple of
βc, the β0 value required such that PBHs dominate at some
point. Since there exist multiple definitions of βc in the
literature [33,34] and changes depending on a⋆, we believe
that presenting our results in the form of Eq. (23) is easier to
interpret. In order to determine a computational error on the
value of η, we sample multiple mDM values for a given a⋆
and calculate the standard error of the mean from the set of
η values.
Returning to Fig. 6, we observe that the blackþ

symbols, signifying where the warm dark matter con-
straints become relevant, align for different mDM values
such that one can write Eq. (23). For the Schwarzschild
PBHs, fermion dark matter case shown in this figure, we
find η ¼ ð6.26� 0.08Þ × 10−4; this is the red dashed line in
the figure, which borders the red shaded region represent-
ing where the full dark matter production through PBH
evaporation is inconsistent with the matter power spectrum.

This allows one to interpolate between the mDM values
shown in the figure. The dotted red line shows the warm
dark matter constraint found in Refs. [33,37]. This level of
disagreement, we believe, is acceptable because of the
potential for quite sizable differences in the ratios of scale
factors in Eq. (18) and temperature in Eq. (20).
In Fig. 7, we show our determination of η and its

standard error for scalar, fermion, vector, and tensor dark
matter particles with green, purple, orange, and blue lines
and error bars, respectively. One can see that there is very
little variation of η for each value of a⋆ thus validating the
expression in Eq. (23). However, as a⋆ varies, we see a
substantial variation in η, where the effect is most pro-
nounced for the tensor dark matter case. For the scalar,
fermion, and vector case, the warm dark matter constraint is
hardly changing with a⋆ except for the very maximal case.
This is qualitatively in agreement with Ref. [27], where the
author also concluded that changes in a⋆ mainly altered the
warm dark matter constraints for the tensor particle. Our
analysis, which solves both the Friedmann and Boltzmann
equations, places this conclusion on firmer ground.
When one compares the a⋆ ¼ 0 case in Fig. 7, we can

make a comparison with warm dark matter constraints
reported in Ref. [37]. Similar to the fermion case as
mentioned above, we observe a slight deviation with our
calculation. However the general pattern is consistent, as
with Ref. [37] the scalar and fermion constraints are found
to be very similar and the vector and tensor limits are less
aggressive. More precisely, the order of magnitude differ-
ence we see between scalar and tensor dark matter

FIG. 6. Figure showing the β0 and Min
BH values required to fully

produce the correct relic abundance (solid black lines) for a range
of dark matter masses. This is for the case where dark matter is a
fermion and all black holes are Schwarzschild. The black þ
symbols indicate the precise point on the line where the transfer
function TðkÞ becomes inconsistent with Lyman-α constraints,
i.e., the α parameter of Eq. (22) is ≥ 1.3 × 10−2 Mpc h−1. The red
dashed line corresponds to the mean value found for η as per
Eq. (23), where the values that violate the inequality are shaded
red. The dotted line corresponds to the result reported in Ref. [33].
The purple shaded regions signify the inflationary (low Min

BH)
[76] and big bang nucleosynthesis (high Min

BH) constraints on
primordial black hole abundances [55,77–79].

FIG. 7. The variation of η for different a⋆ values of the PBH
distribution. Different colors correspond to different dark matter
spins. The error bars indicate the computational variation of this
value by way of the standard error of the mean calculated from
the samples of different mDM values.
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constraints is also reported in Ref. [37]. This difference is
largely attributable to the relative redshift felt from particles
with different intrinsic spin, as seen in Sec. III.
Throughout the analysis, we additionally performed two-

dimensional fit for the parametrization of Eq. (22) where
we fit for both α and μ. We find in general quite good
agreement with μ ¼ 1.12, with only slight variations.
Furthermore, with the one-dimensional fit, the TðkÞ always
matches well with simulation results. We leave a more
sophisticated study for future work. This is particularly
relevant for the situation where PBHs produce only a
subcomponent of dark matter, where Eq. (22) is often not
valid [37,80].

V. CONCLUSIONS

In previous works, it was argued that the production of
dark vector or tensor bosons (such as dark photons or hot
gravitons) is enhanced for dark particles with spin larger
than 1 when the evaporating black holes approach extrem-
ality. We have shown in this paper that this enhancement is
mitigated when one thoroughly considers the dynamics of
evaporation. While primordial black holes evaporate, their
spin is generically dissipated first, whereas their mass is
depleted in a second phase. Since the production of
particles with spin larger than 1 is enhanced when pri-
mordial black holes are rotating, the largest contribution of
the evaporation to dark radiation is emitted during the first
phase of the evaporation. Consequently, these dark particles
are subject to more significant redshifting, which can only
be accounted for by solving the complete set of equations
tracking the PBHs’ evolution and the Universe’s. On the
contrary, the second phase of the evaporation dilutes this
primary contribution, leading to a subsequent reduction of
ΔNeff . Considering this dilution, we showed that the
maximum contribution of PBH evaporation to ΔNeff is
reduced by a factor of Oð10Þ for maximally rotating black
holes. In the case of lower spin PBHs, in the limit a⋆ → 0,
our results align with those in the literature.

Using FRISBHEE we could also reconstruct the full phase-
space distribution of light dark matter particles when they
are produced through PBH evaporation and use the code
CLASS to determine the corresponding matter power spec-
trum and, consequently, the warm dark matter constraints
on dark matter produced from black hole evaporation. Our
present study builds on previous works by introducing, for
the first time, the fully evolved scale factor aðtÞ and plasma
temperature T. We also provide a useful parametrization of
the warm dark matter limit for scalar, fermion, vector, and
tensor dark matter candidates, respectively. We show how
this parametrization varies over a monochromatic Kerr
PBH distribution of different a⋆ values.
Our results have been obtained assuming monochro-

matic distributions for mass and spin of the PBH. Thus, one
may wonder how these conclusions would be affected if we
consider more realistic spectra. We are currently inves-
tigating scenarios with extended distributions, and we plan
to report our results in the near future.
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