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Abstract: Ultra-low mass primordial black holes (PBH), which may briefly dominate
the energy density of the universe but completely evaporate before the big bang nucle-
osynthesis (BBN), can lead to interesting observable signatures. In our previous work, we
studied the generation of a doubly peaked spectrum of induced stochastic gravitational
wave background (ISGWB) for such a scenario and explored the possibility of probing a
class of baryogenesis models wherein the emission of massive unstable particles from the
PBH evaporation and their subsequent decay contributes to the matter-antimatter asym-
metry. In this work, we extend the scope of our earlier work by including spinning PBHs
and consider the emission of light relativistic dark sector particles, which contribute to the
dark radiation (DR) and massive stable dark sector particles, thereby accounting for the
dark matter (DM) component of the universe. The ISGWB can probe the non-thermal
production of these heavy DM particles, which cannot be accessible in laboratory searches.
For the case of DR, we find a novel complementarity between the measurements of ∆Neff
from these emitted particles and the ISGWB from PBH domination. Our results indicate
that the ISGWB has a weak dependence on the initial PBH spin. However, for gravitons
as the DR particles, the initial PBH spin plays a significant role, and only above a critical
value of the initial spin parameter a∗, which depends only on initial PBH mass, the graviton
emission can be probed in the CMB-HD experiment. Upcoming CMB experiments such
as CMB-HD and CMB-Bharat, together with future GW detectors like LISA and ET,
open up an exciting possibility of constraining the PBHs parameter space providing deeper
insights into the expansion history of the universe between the end of inflation and BBN.
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1 Introduction

The idea of primordial black holes (PBH) was first put forward by Zel’dovich and
Novikov [1], and later studied in depth by Hawking and Carr [2–4]. The formation of
PBHs in the very early universe has different interesting implications for both cosmol-
ogy and particle physics [5–7]. On the one hand, in the present cosmological landscape
of various dark matter (DM) candidates, PBHs have emerged as an important candidate
for the cold DM due to the possibility of testing their signatures in gravitational wave
(GW) detectors [8–14]. Though the abundance of PBHs is strongly constrained in dif-
ferent mass ranges [7, 15–31], there remains an open window in the asteroid mass range
(10−16− 10−14M�) wherein PBHs can be the entire DM [32]. On the other hand, the pos-
sibility of PBH formation in the post inflationary universe due to the amplified inflationary
scalar perturbations (for example, from ultra-slow-roll models of inflation [33–38], warm
inflation [39–41], Gauss-Bonnet theories of inflation [42], two-field models of inflation [43–
45] etc.) has opened up an interesting avenue to constrain the inflationary perturbations
modes leaving horizon during last forty efolds of inflation. In such a scenario, PBHs can
help in probing the cosmic history between the end of inflation to the start of the Big
Bang Nucleosynthesis (BBN), which is not accessible by any other direct observational
probes. PBHs have also been suggested to form from strong first-order phase transitions
in early universe [46–49], the collapse of topological defects [50–55], scalar condensates and
topological and non-topological solitons [56], resonant reheating [57], preheating [58–61]
and confinement of quarks [62]. Thus PBHs can help probe or potentially constrain these
scenarios. Here we focus on various signatures of ultra-low mass PBHs (MPBH . 109 g),
and how future GW and CMB probes can constrain PBHs parameter space as well as
cosmological history before BBN, through these signatures.
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Smaller mass PBHs evaporate much faster. As a result, PBHs with mass MPBH .
10−18M� (MPBH . 1015 g) would be completely evaporated by today. BBN provides
stringent constraints on the abundance of PBHs in the early universe for masses 109 g ≤
MPBH ≤ 1014 g [16, 63, 64], as PBHs of this mass range evaporates during or after BBN.
On the other hand, PBHs with mass below 109 g evaporate far before BBN. Therefore,
if formed with appropriate abundance, they can dominate the universe’s energy density
for a short duration before their evaporation. This window reveals the possibility that
PBHs may have dominated the early universe before BBN and played an important role
in its evolution. The consequences of an early PBH-dominated epoch have been well
studied since the Hawking evaporation of PBHs involves many different and important
aspects, for instance, the generation of Dark Radiation (DR) [65–70], matter-antimatter
asymmetry production [71–80], and the implications for the production of DM through
evaporation [66, 68, 69, 72, 81–93].

The imprints of PBHs on the induced stochastic gravitational wave background (IS-
GWB) can be broadly classified into a few categories according to their origin. One is
from the binary mergers of the PBHs [94–99], which can be produced even in the very
late universe. Another class of ISGWB comes from the second-order tensor perturbations,
which is related to the formation mechanism of PBHs [100–106]. Moreover, the gravitons
produced during Hawking evaporation of PBHs can also contribute to the GWs but at a
very high frequency (1013−1016 Hz), which makes this source difficult to detect [107]. The
scenario we had focused on in our earlier work [80] is slightly different from these popular
classes of PBH-GW associations. We focused on the resonant contributions [108] of the
second-order tensor perturbations from two different origins of adiabatic scalar perturba-
tions. The first one directly comes from the inflationary adiabatic perturbations [109],
while the second is induced by the isocurvature perturbations from the PBHs population
of monochromatic [80, 110–112] or extended mass distribution [113]. In this scenario, we
found a distinctive doubly-peaked spectral shape of the ISGWB.

Our previous work considered only the Schwarzschild PBHs without any spin. In this
work, we extend the scope of our study by including the possibility of initially spinning
PBHs. We studied the case of Hawking-evaporation-driven baryogenesis in our previous
work. Here we consider a broader class of possible phenomena associated with an early
ultra-low mass PBH-dominated universe, connect them with the associated ISGWB signa-
tures, and look for different effects from spinning PBHs. During their evaporation, PBHs
can emit both relativistic and massive non-relativistic particles. If the emitted relativistic
particles belong to the dark sector, they can contribute to the universe’s total radiation
energy density, usually referred to as DR. It can be characterized by an effective number
of neutrinos, ∆Neff and can be constrained during the CMB era with current and future
CMB probes or during the BBN epoch. This offers a complementary probe for our scenario
besides the corresponding ISGWB. One interesting point to note here is that ISGWB also
contributes to radiation energy density and, therefore, to ∆Neff . While this ISGWB con-
tribution to ∆Neff is generic to the scenario of PBH domination, the dark radiation is a
special case when we consider some particular DR particles. Therefore the resulting DR can
be constrained in three different channels, DR-∆Neff in CMB observations, ISGWB-∆Neff
in CMB observations and the detection of ISGWB signals in the future GW observatories.
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Massive non-relativistic particles from Hawking evaporation can decay in a baryon-
number violating process and contribute to baryogenesis. In the same context, it is possible
to consider stable non-relativistic particles in the dark sector. They can constitute the
observed DM energy density if they do not decay. Detection or non-detection of doubly
peaked ISGWB spectrum can also very effectively constrain the parameter space for this
DM production mechanism. Thus, in this work, we connect the generation of DR and
DM from PBH evaporation with corresponding ISGWB signals. We also explore whether
initially spinning PBHs would leave a distinct signature, allowing us to determine the spin
of these black holes. For the ISGWB sector, we find the effect of initial PBH spin to be
non-zero but small. When we consider non-relativistic particles with spin ≤ 1 contributing
to baryogenesis and DM relic density, we find a negligible effect of the initial PBH spin.
The situation changes only when we consider spin-2 dark sector gravitons emission as the
DR particles. In this case, we find distinguishable signatures of a non-zero initial PBH spin
compared to the pure non-spinning case.

The paper is organized as follows: in section 2, we estimate the effects of including
initial PBH spins compared to the non-spinning case in the background evolution, and in
section 3, the corresponding impacts in ISGWB are discussed. We use section 4 to study
the possibilities of dark radiation, dark matter, and baryogenesis for particles emitted from
initially spinning PBHs. Finally, we discuss our results and implications in section 5. We
work with c = ~ = kB = 1 and also set the reduced Planck mass M2

Pl = (8πG)−1 to unity,
unless explicitly written.

2 Spinning PBHs, their evaporation, and the background evolution

It is well known that black holes (BH) evaporate via Hawking radiation, and the emitted
particles exhibit a near thermal spectrum. For the case of a Schwarzschild (non-rotating
and uncharged) BH, the horizon temperature is given by

T S
PBH = M2

Pl
MPBH

' 1.053 GeV
(

1013 g
MPBH

)
, (2.1)

and the lifetime of a BH or the time scale of its complete evaporation can be written as,

∆tSPBH ≈
160M3

PBH
π G g∗,H M4

Pl

. (2.2)

Here the graybody factor G ≈ 3.8, g?,H is the number of degrees-of-freedom for particles
with masses below TBH and g∗,H is average over PBH lifetime [76, 114]. These formulas get
modified for spinning PBHs. For a spinning (but uncharged) PBH, the horizon temperature
is given by,

TPBH =
M2

Pl

MPBH

(
2
√

1− a2
∗

1 +
√

1− a2
∗

)
, (2.3)

where a∗ is the reduced spin parameter, defined by a∗ = JM2
Pl/M

2
PBH and J is the magni-

tude of the angular momentum. The time evolution of mass and spin follow the first-order

– 3 –



J
H
E
P
0
5
(
2
0
2
3
)
1
6
9

a∗ MPBH = 102 g MPBH = 104 g MPBH = 106 g MPBH = 108 g
0.0 1.0 1.0 1.0 1.0
0.1 0.976899 0.967814 0.972579 0.975514
0.2 0.962462 0.951945 0.957989 0.961175
0.3 0.938191 0.928076 0.930649 0.936888
0.4 0.903097 0.894256 0.896733 0.901647
0.5 0.858785 0.849704 0.852926 0.857398
0.6 0.804028 0.79565 0.798765 0.802748
0.7 0.736373 0.728771 0.731148 0.735063
0.8 0.654221 0.64797 0.650297 0.652996
0.9 0.555112 0.549758 0.55136 0.553933
0.99 0.439075 0.435225 0.437123 0.438618
0.999 0.421827 0.417918 0.419717 0.421357

Table 1. We tabulate the values of the function F(a∗,MPBH) for spinning PBHs for different
values of a∗ and for four reference values of MPBH, computed using the code BlackHawk. We find
that the dependence of F(a∗,MPBH) on the PBH mass is weak and thus can be neglected for the
PBHs mass range of our interest.

a* =0.1 a* =0.5

a* =0.9 a* =0.99
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Figure 1. Left panel: the evolution of the ratio of PBHs mass M(t) to their initial mass MPBH
(solid lines) and the ratio of spin parameter a(t) to its initial value a∗ (dashed lines) as a function
of time. We normalize the time axis by dividing it by the lifetime of Schwarzschild black hole of the
same mass, ∆tSPBH. We take four different initial values of a∗ with initial PBH mass MPBH = 106 g.
Right panel: we plot F(a∗) as a function of initial value of PBH spin parameter a∗ for four different
initial PBH masses. The data points correspond to the numerical result from BlackHawk while the
continuous line represents a polynomial interpolation of F(a∗) which nicely fits the F(a∗,MPBH)
values obtained from the full numerical calculation.
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coupled differential equations,

dM(t)
dt

= −ε(M(t), a(t)) M4
Pl

M(t)2 , (2.4)

da(t)
dt

= −a(t)
[
γ(M(t), a(t))− 2ε(M(t), a(t))

] M4
Pl

M(t)3 . (2.5)

Here γ and ε are to be determined by taking into account the sum of contributions from
all possible stable and unstable particles emitted due to the Hawking radiation and are
functions of PBH mass M(t) and spin a(t) at time t [114–118]. For spinning PBHs, evapo-
ration is more efficient, and the rate increases. We solve equation (2.4) and (2.5) to obtain
the lifetime of a spinning PBH, ∆tPBH, which depends both on the initial spin and mass
of PBH and introduce F(a∗,MPBH) as the ratio between ∆tPBH and the lifetime of the
Schwarzschild PBH as, ∆tSPBH,

∆tPBH = ∆tSPBH F(a∗,MPBH) . (2.6)

Since the function F(a∗,MPBH) can not be calculated analytically, we estimate it numeri-
cally using the publicly available code BlackHawk [119, 120]. We have tabulated the values
of F(a∗,MPBH) computed using BlackHawk1 in table 1. As evident from this table, for the
mass range of our interest, F(a∗,MPBH) bears a negligible dependence on MPBH, and we
can write,

∆tPBH ≈ ∆tSPBH F(a∗) . (2.7)

This allows us to fit the function with a polynomial of a∗ as

F(a∗) =
4∑

n=0
cna

n
∗ +O(a5

∗) , (2.8)

where we neglect the higher-order terms as their contribution becomes insignificant. We
find the values of coefficients cn as; c0 = 1.0, c1 = −0.183014, c2 = −0.086326, c3 =
−0.195741 and c4 = −0.110894 to fit the numerically obtained F(a∗). The very weak
dependence of F(a∗) on initial massMPBH is evident from the right panel of figure 1 as the
data points for different MPBH fall on top of each other. The left panel of figure 1 shows
the time evolution of mass and spin of the BHs. It is clear that spin and mass evolve very
differently during Hawking evaporation. While mass changes very rapidly near the end of
the evaporation process, the spin depletes much earlier. As we go towards higher initial
values of a∗, the lifetimes decrease more compared to Schwarzschild lifetime.

In our setup, we consider the ultra-low mass PBHs to form during early radiation-
dominated epoch after inflation (at conformal time τ = τf ) with initial abundance βf . We
assume that this population of PBHs dominates the universe at τ = τm, which lasts until
their evaporation at τ = τr. Since we are mainly interested in calculating the resonant
second-order ISGWB contribution, [108], the PBH domination and almost instantaneous

1We find a slight mismatch between the values of F(a∗, MPBH) from BlackHawk and FRISBHEE [118]. For
the estimation of F(a∗, MPBH) and interpolation in equation (2.8), we only use the results from BlackHawk.
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transition from matter domination to the standard radiation domination (RD) due to
the Hawking evaporation play a very important role in the amplification of the ISGWB
generated at the onset of RD [80]. Using the results of our previous work [80], we can
calculate the conformal times associated with the PBH evaporation τr as,

τr =
√

2
(

3∆t2PBH ρEQ τ
4
EQ

M2
Pl

)1/4

(2.9)

and the ratio τrat between the conformal times of PBH evaporation (τr) and PBH domi-
nation (τm),

τrat ≡
τr
τm

= 2
(

3π2M6
Pl β

4
f τ

4
r

M2
PBH ρEQ τ4

EQ

)1/6

. (2.10)

Here the subscript “EQ” refers to various quantities evaluated at the standard radiation-
matter equality. As evident from eqs. (2.9) and (2.10), initial non-zero values of a∗ modify
the lifetime of the PBHs ∆tPBH, and thereby affect the time duration for both PBHs
domination and their evaporation. To stay within the validity of linear perturbation theory
for first order scalar modes, we need to stay in the regime where τrat ≤ 470 [101, 108, 121].
We shall refer to this limit as non-linearity bound for the rest of our paper.

For each conformal time τY , we get a comoving wavenumber kY ≡ 1/τY , which re-enters
the horizon at τ = τY . It is also possible to express the values of these relevant wavenumbers
in terms of F(a∗). Taking kEQ = 1/τEQ ' 0.01 Mpc−1 and HEQ ' 20.7 Mpc−1, we get

kr = 1
τr
≈ 2.1× 1011 [F(a∗)]−1/2

(
MPBH
104g

)−3/2
Mpc−1, (2.11)

km = τrat
τr
≈ 3.4× 1017 [F(a∗)]−1/6

(
MPBH
104g

)−5/6
β

2/3
f Mpc−1, (2.12)

kf = km
βf
≈ 3.4× 1017 [F(a∗)]−1/6

(
MPBH
104g

)−5/6
β
−1/3
f Mpc−1. (2.13)

Note that the comoving scale kr does not depend on βf while both km and kf explicitly
depend on it. All these scales also depend upon F(a∗) and play a crucial role in our later
analysis. Since all the PBHs will be evaporated by the time τr, the comoving wavenumber
kr is associated with the transition from early matter-dominated (eMD) to the standard
RD and also indicates the time of the ISGWB generation. The scale km points to the cutoff
scale in the inflationary scalar perturbation spectrum, which leads to the first resonant peak
in the ISGWB. Finally, the scale of PBH formation kf is directly related to the mass of
PBHs and plays an important role in determining the cutoff scale for the PBH-induced
isocurvature perturbations and, thus, the second peak of the ISGWB.

3 Induced stochastic gravitational wave background (ISGWB) from
spinning PBHs

As we discussed in the previous section, evaporating PBHs with spin have slightly different
lifetimes than the non-spinning ones. Since we focus on a scenario wherein the PBH

– 6 –
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Figure 2. The spectral energy density ΩGWh
2 of the ISGWB for selected representative popu-

lations of spinning and non-spinning PBHs with monochromatic mass range. These populations
are characterized by two parameters: βf , the initial mass fraction of PBHs at their formation, and
MPBH, the initial PBH mass. The solid and dashed lines show our results for ISGWB for PBH
populations with no spin (a∗ = 0) and with spin (a∗ = 0.99), respectively. For all these cases,
the doubly peaked profiles of ISGWB correspond to the secondary contribution sourced by the
inflationary adiabatic and the isocurvature induced adiabatic scalar perturbations, respectively.

evaporation initiates the standard RD epoch, this shift in the PBH lifetime also induces a
shift in the start of the standard RD, as well as all the other relevant time scales, such as the
start of PBH domination, PBH formation, etc., as shown in eqs. (2.11), (2.12) and (2.13).

In our previous work [80], we estimated the resonant ISGWB from two different com-
ponents of adiabatic scalar perturbations; the inflationary adiabatic and the isocurvature-
induced adiabatic component. In these scenarios, the source of isocurvature perturbations
is the formation of PBHs, which converts to adiabatic perturbations by the time PBHs
dominate the universe. The cutoff scale of the initial isocurvature power spectrum, kUV,
is taken at the scale of the mean distance between two black holes at their formation to
avoid the granularity of the PBH fluid [112]. Taking the efficiency factor associated with
PBH formation in early RD, γ ≈ 0.2 we can write,

kUV =
(
βf
γ

)1/3
kf . (3.1)

The analytical expressions derived in our previous paper [80] makes it easy to infer that the
ISGWB spectrum, in this case, explicitly depends on the three wavenumbers associated
with the PBH formation, domination, and evaporation; kf , km, kr and the initial PBH
abundance βf . The modifications in the ISGWB due to the change in the initial PBH spin
arise only through the spin dependence of these wavenumbers, as we derived in the previous

– 7 –
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Figure 3. We compare the analytical (solid lines) and numerical (dotted lines) results for ISGWB
spectral energy density ΩGWh

2 for initial PBH massMPBH = 106g and βf = 4.5×10−8 for spinning
(a∗ = 0.99) and non-spinning (a∗ = 0.0) population of PBHs. While the dotted lines are from an
exact numerical calculation, the solid lines are due to the approximate analytical expressions we
derived in equations (3.2) and (3.6).

section. The final form of the ISGWB spectrum today, from isocurvature contribution [80],

ΩGW(τ0, k) = cg Ωr,0 J
∫ s0

−s0

27 3√3
(
s2 − 1

)2
(9− 3s2)5/3 ds (3.2)

where cg ≈ 0.4 if we take the number of relativistic degrees of freedom to be ∼ 106.7, Ωr,0
is the present radiation energy density.

The limit of s integral s0 is defined as a function of k;

s0 =

1 k
kUV
≤ 2

1+
√

3

2kUV
k −

√
3 2

1+
√

3 ≤
k
kUV
≤ 2√

3

. (3.3)

and we can write,

J ≈ 2.0× 10−12β
16/3
f

(
f

1 Hz

)11/3 (MPBH
1g

)41/6
F(a∗)5/2 ,

k

kUV
≈ 4.8× 10−7

(
MPBH

1g

)5/6
F(a∗)1/6

(
f

1 Hz

)
,

in terms of the mass of the PBHs MPBH, initial abundance βf and spin parameter a∗, after
taking the shift in PBH lifetime for spinning PBHs correctly into account. This leads to a
peak value for the second ISGWB peak,

ΩGW(τ0)
∣∣∣
k=kUV

≈ 1.9× 106β
16/3
f

(
MPBH

1g

)34/9
F(a∗)17/9 (3.4)
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The first or the low-frequency peak of the ISGWB spectrum corresponds to the resonant
contribution from inflationary adiabatic perturbations. We consider the standard power-
law power spectra for inflationary scalar curvature perturbations,

PR = As

(
k

kp

)ns−1

, (3.5)

with pivot scale kp = 0.05 Mpc−1, scalar amplitude As = 2.09 × 10−9 and scalar index
ns = 0.965 [122], which leads to the first peak of ISGWB [80, 108],

ΩGW(τ0, k)
A2

scg Ωr,0
'



3× 10−7x3
rx

5
max 150x−5/3

max . xr � 1
6.6× 10−7xrx

5
max 1� xr . x

5/6
max

3× 10−7x7
r x

5/6
max . xr . 2

1+
√

3xmax

C(k) 2
1+
√

3 ≤
xr
xmax

≤ 2√
3

, (3.6)

where

C(k) = 0.00638× 2−2ns−13 3ns x7
r s0

(
xr
xmax

)2ns−2
(3.7)

×
[
−s2

0 2F1

(
3
2 ,−ns;

5
2 ; s

2
0
3

)
+ 4 2F1

(
1
2 , 1− ns;

3
2 ; s

2
0
3

)
− 3 2F1

(
1
2 ,−ns;

3
2 ; s

2
0
3

)]
.

and,

xr = k/kr ≈ 0.001
(

f

1 Hz

)(
MPBH

1g

)3/2√
F(a∗) ,

xmax = km/kr ≈ 2.36 ∗ 103β
2/3
f

(
MPBH

1g

)2/3
F(a∗)1/3 ,

s0 = 2km
k
−
√

3 ≈ 1.16 ∗ 10−6
(

f

1 Hz

)
β
−2/3
f

(
MPBH

1g

)5/6
F(a∗)1/3 −

√
3 .

The peak of the inflationary adiabatic contribution for ISGWB is expected to appear at
k = km, and turns out to be,

ΩGW(τ0)
∣∣∣
k=km

≈ 6.9× 10−6βf
14/3

(
MPBH

1g

)14/3
F(a∗)7/3 (3.8)

≈ 1.7× 10−29
(
km
kr

)7
≡ 1.7× 10−29

(
τr
τm

)7
. (3.9)

To stay within the validity of linear perturbation theory for scalar modes, we restrict our
study only in the regime where

(
τr
τm

)
≤ 470 [101, 108, 121], which puts a strict bound on

the inflationary adiabatic peak,

ΩGW(τ0)
∣∣∣
k=km

≤ 8.4× 10−11 . (3.10)

To check the viability of analytical results of equation (3.2) and (3.6), we plot it along
with numerically obtained ISGWB spectral energy density ΩGWh

2 in figure 3 both for
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spinning and non-spinning PBHs. As we discussed in section 2, we use F(a∗,MPBH),
obtained from BlackHawk to numerically compute the ISGWB spectrum for spinning
PBHs. In figure 2, we plot the ISGWB spectra for PBH mass range 102 − 108 g with
appropriate mass fractions, both for initially spinning and non-spinning PBHs, along
with the projected sensitivities [123] of LIGO [124, 125], SKA [126], LISA [127, 128],
AEDGE [129, 130], AION/MAGIS [129, 131–133], ET [134, 135], BBO [136, 137],
µARES [138], and Theia [139]. We also show fits to the possible signal reported by PTA
collaborations [140–143]. Both from figures 2 and 3, weak dependence of ISGWB on the
initial PBH spin is quite evident.

In this work, we are primarily interested in the domination and evaporation signatures
of ultra-light PBHs and we remain agnostic about their generation mechanism. As the
simplest possible case, we take both the initial mass and spin distributions to be monochro-
matic. However, a broader distribution for PBH spin and mass can be more attractive in
the context of a specific PBH formation mechanism. For broader distribution of either PBH
mass or spin would lead to a longer duration of the transition from PBH domination to
RD phase and, therefore, will suppress the resonant ISGWB peaks for both isocurvature-
induced and inflationary adiabatic peaks. As the suppression effects are more dominant
for higher wavenumber modes [109], we can expect that the isocurvature peak will be more
strongly affected than the inflationary one. Recently, effects of broader PBH mass distri-
butions have been studied in the context of isocurvature-induced ISGWB peak [113]. Since
an accurate estimation of the ISGWB for a broader spin or mass distribution requires an
integrated setup to carefully keep track of the adiabatic and isocurvature scalar modes and
second-order tensor modes during the transition, we leave this analysis for future work.

4 Signatures of spinning PBHs in different scenarios

The Hawking evaporation of PBHs takes place via the emission of all kinds of particles de-
pending on the properties of the emitted particles and the mass and angular momentum of
the evaporating PBH. In this process, the mass and angular momentum of a PBH is dissi-
pated, which depends on its initial properties. The rate of emission for a particular particle
species i, with spin si in the energy interval (E,E+dE) can be expressed as [69, 119, 120],

d2Ni

dt dE
= gi

2π
∑
`,m

Γsi`m

[
E,MBH(t), a∗(t)

] 1
e(Ei−mΩ)/TBH(t) − (−1)2si

, (4.1)

with the total energy E2 = p2c2 + m2
i c

4, particle mass mi, and projection to the angular
momentum m ∈ [−`,+`], Ω = (4π/MBH)(a∗/(1 +

√
1− a2

∗)) is the angular velocity of the
horizon and internal degrees of freedom (DOF) gi accounts for the polarization and color
DOF. The graybody factors Γsi`m characterize the probabilities for the emitted species
not to be re-absorbed, escaping the gravitational well of the BH, which are a function of
E, MBH(t), a∗(t), gi, si and mi.

Different particles emitted from the PBHs can contribute to very different physical
phenomena. Massive non-relativistic particles emitted from PBHs can contribute to the
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observed matter anti-matter asymmetry in our universe through their baryon number vio-
lating decay, which we considered in our previous work [80]. On the other hand, Hawking-
production of massive non-relativistic stable dark-sector particles can account for our uni-
verse’s total dark matter budget while the production of dark sector light relativistic par-
ticles can contribute to the dark radiation [66].

4.1 Dark radiation

The relativistic dark sector particles emitted from Hawking radiation of PBHs would add
to the total radiation energy density. Since the background dynamics are probed very
precisely both during CMB and BBN eras, this extra dark radiation (DR) component can
be constrained. Although the effects of a broader spin distribution in the context of DR
have been studied earlier [70], similar to the previous section, we restrict our analysis to
the case of a monochromatic mass and spin distribution of PBHs, while estimating the DR
contribution in this section.

We usually parameterize the presence of this extra radiation in terms of the effective
number of relativistic degrees of freedom, ∆Neff . The total radiation energy density can
be written as a sum of the bosonic and fermionic components,

ρrad = π2

30

∑
b

g∗b

(
Tb
T

)4
+ 7

8
∑
f

g∗f

(
Tf
T

)4
 T 4 . (4.2)

After neutrino decoupling, when the temperature drops below the electron mass, electron-
positron annihilates together to produce photons. Thus the entropy of the electrons and
positrons is transferred to the photons but not to the decoupled neutrinos. This leads to
a relative difference between photon and neutrino temperatures,

Tν = (4/11)1/3Tγ , (4.3)

and using (4.2) we have,

ρR = ργ

[
1 + 7

8

( 4
11

)4/3
Neff

]
. (4.4)

In the presence of an additional dark radiation component from PBHs evaporation, we can
express it with,

ρR + ρDR = ργ

[
1 + 7

8

( 4
11

)4/3 (
NSM

eff + ∆Neff
)]

. (4.5)

At matter-radiation equality (τ = τEQ), we can therefore, write ∆Neff as

∆Neff
∣∣∣
DR

=
{

8
7

( 4
11

)− 4
3

+NSM
eff

}
ρDR(τEQ)
ρR(τEQ) , (4.6)

and it is straightforward to connect it with the quantities at the time of PBH evaporation
(τ = τr),

ρDR(τEQ)
ρR(τEQ) = ρDR(τr)

ρSM
R (τr)

(
g∗(Tr)
g∗(TEQ)

)(
g∗S(TEQ)
g∗S(Tr)

) 4
3
. (4.7)
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Figure 4. Comparison of different contributions to ∆Neff , while we change the initial abundance
of PBHs with changing PBH mass: βf ∝ 1/M17/24

PBH to keep ∆Neff contribution from isocurvature
induced adiabatic peak of ISGWB (red line) to a constant value and plot corresponding ∆Neff
contribution considering different massless dark radiation particles. In these cases, solid lines cor-
respond to a∗ = 0.0, and dashed lines refer to a∗ = 0.99. Also, for all these cases, we maintain
βf

(
MPBH
1.0 g

)17/24
= constant and choose this constant appropriately such that the isocurvature in-

duced ISGWB contribution to ∆Neff is comparable. The non-linear regime (τrat ≥ 470) is shaded
in grey, and the CMB-HD and CMB-Bharat sensitivities are displayed with the pink and green
shaded regions. We also get detectable ∆Neff from ISGWB peak of inflationary adiabatic pertur-
bation (brown line) only in the non-linear region, as expected from equation (3.9) and (3.10).

While calculating the energy density of dark radiation particles at the time of PBH
evaporation ρDR(τr), the approximation of instantaneous production of these particles at
the very end of PBH evaporation process is quite justified for non-spinning PBHs and for the
production of particles with spin ≤ 1 even for spinning PBHs [66, 68, 69, 144]. However, for
the spin 2 particles produced from initially spinning PBHs to act as dark radiation particles,
this approximation breaks down [118]. The light relativistic particles are produced in the
earlier phase of PBH evaporation compared to the massive particles. Thus, by the time the
entire PBH evaporates, the initial energy density of these particles dilutes significantly. This
effect is more important for PBH domination scenarios because in such a scenario, while
the total energy density will dilute as a−3, the energy density of light relativistic particles
would dilute as a−4. This effect was pointed out and taken into account by solving the
Boltzmann equations for combined fluid composed of SM radiation, dark radiation, and
PBH in a publicly available code FRISBHEE [118]. We also use this code for our set-up to
calculate ρDR(τr) taking into account the redshift effects and to estimate ∆Neff accurately.
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Figure 5. Comparison of different contributions to ∆Neff , while we keep the initial abundance
of PBHs fixed βf = 10−8 and plot the corresponding ∆Neff contribution from the isocurvature
induced adiabatic peak of ISGWB (red line) and different massless DR particles. For each of these
cases, solid lines correspond to a∗ = 0.0, and dashed lines refer to a∗ = 0.99. The non-linear regime
is shaded in grey, the CMB-HD and CMB-Bharat sensitivities with the pink and green shaded
regions, and the parameter space of no PBH domination in which they evaporate before they can
dominate, in orange. We also plot ∆Neff from an inflationary adiabatic peak of ISGWB (brown
line) and find it detectable only in the non-linear region.

As we mentioned, ISGWB also contributes to the radiation energy density and, there-
fore, to ∆Neff . It is straightforward to generalise equation (4.6) for ISGWB contribution,

∆Neff
∣∣∣
ISGWB

=
{

8
7

( 4
11

)− 4
3

+NSM
eff

}
ρGW(τEQ)
ρR(τEQ) =

{
8
7

( 4
11

)− 4
3

+NSM
eff

}
ΩGW(τ0)
ΩR(τ0) .

(4.8)
The non-linearity bound τrat ≤ 470 puts a strong constraint on the inflationary adiabatic
peak of the ISGWB and this limit in equation (3.10) translates to,

∆Neff
∣∣∣
infl−ISGWB

≤ 2.5× 10−5 (4.9)

which is too small to be probed by BBN or any recent or upcoming CMB observatories. It
can also be seen in figure 5 and figure 4 that ∆Neff from the first peak of ISGWB, is only
detectable in the non-linear region and, therefore, is not of our interest.

That only leaves the isocurvature-induced adiabatic contribution of ISGWB to be
considered as a candidate for significant contribution to ∆Neff . From (3.4), we can write,

∆Neff
∣∣∣
Iso−ISGWB

' 5.71× 1011β
16/3
f

(
MPBH

1g

)34/9
F(a∗)17/9 (4.10)

where we take NSM
eff ' 3.048 and ΩR(τ0)h2 ' 2.5× 10−5 [145]. From equation (4.10), it is

evident that the dependence of PBH mass and abundance to ∆Neff comes from β
16/3
f M

34/9
PBH
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Figure 6. The various contours display the reach of the indicated GW observatories and future
CMB experiments due to the produced DR for two different choices of the PBH initial mass fraction
βf . The detection of each of our two peaks is indicated in a separate way for each experiment:
low-frequency inflationary adiabatic contribution detection is shown by ‘/’ dashed filling and solid
contours, while the high-frequency isocurvature-induced adiabatic peak is indicated by ‘\’ dashed
filling and dashed contours. We assume one extra scalar, fermionic, vector, or graviton particle
indicated by the subscripts s,f ,v, or g to be responsible for DR production. For the lines denoted by
CMB-HD or CMB-Bharat, the higher MPBH and smaller 1−a∗ region denotes the parameter-space
where ∆Neff from DR is detectable in these experiments. The grey region on the left corresponds
to the ‘No PBH domination’ while the grey region on the right indicates the ‘Non-linear regime’.
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factor for ISGWB contribution. We plot the corresponding DR components keeping this
factor to a constant value in figure 4. As a result, we obtain the ∆Neff from the isocurva-
ture peak for spinning and non-spinning PBHs, as different constant values. F(a∗) terms
contribute to the difference between spinning and non-spinning PBH cases.

In figure 5, we keep the initial PBH abundance βf fixed and show corresponding ∆Neff
contributions for ISGWB and DR. As ISGWB peaks are strongly dependent on MPBH, we
get highly tilted lines for ISGWB contributions. The DR contribution reflects a somewhat
different nature: for higher mass PBHs, DR contribution is the same as in figure 4 and
figure 5, but for lower mass PBHs, constant βf results in a suppressed contribution to
∆Neff in figure 5, for the region where PBHs evaporate before they can dominate. As we
go to even lower mass PBHs, they evaporate earlier, and the fraction of PBHs and the
fraction of DR particles emitted from PBHs decreases. This effect leads to suppression in
∆Neff from DR, in the left part of figure 5. We can also see from figure 4 and figure 5
that as long as βf is large enough to ensure that PBHs dominate the universe before they
evaporate, increasing the value of βf does not lead to a significant difference in ∆Neff .

This difference in nature of ∆Neff from ISGWB and DR suggests a novel complemen-
tarity. While ∆Neff from DR is not very sensitive to either the initial abundance of PBHs
βf or PBH mass MPBH and can only differentiate whether there was a PBH domination
epoch or not, ∆Neff from ISGWB has a razor-sharp sensitivity with changing values of βf
andMPBH. For the DR contributions, we consider massless particles with spin s = 0, 1/2, 1
and 2. As the PBH spin increases, the distribution of emitted particles favors higher spin
particles. We can see this trend from figure 4 and 5. For the scalar or s = 0 particles,
spinning PBHs contribute less to ∆Neff than the Schwarzschild case, but as we go towards
higher spin particles, the contribution from spinning PBH increases. For fermions with
s = 1/2, spinning and non-spinning PBHs contribute almost equally; for s = 1 vector
particles, spinning PBHs contribute slightly more than non-spinning ones, but this differ-
ence becomes visibly large for s = 2 graviton particles. For gravitons, the spinning PBHs
produce an order of magnitude higher value of ∆Neff compared to the Schwarzschild case.

It is evident from figures 4 and 5, that while the scalar and fermion contributions
to ∆Neff are relevant for the projected sensitivities of both CMB-HD [146] and CMB-
Bharat [147] experiments, the graviton, and vector contributions can only be probed by
CMB-HD experiment. We do not show the sensitivity of any other future CMB experiments
like CMB-S4 [148] as they are not sensitive to our expected ∆Neff contribution from DR. As
the graviton contribution shows a strong dependence on the initial PBH spin, we can obtain
a PBH mass dependent critical value for a∗, only above which we can expect associated
∆Neff to be detectable in CMB-HD experiment.

In figure 6, we show the effects of changing PBH spin in a more detailed manner
and connect detection sensitivities for different GW detectors with existing and projected
CMB observational bounds on ∆Neff both for DR and ISGWB contributions. Similar to
our earlier work [80], we set the detection criteria in terms of signal-to-noise ratio (SNR),

SNR ≡
√
T
∫

df
[ ΩGW(f)

Ωnoise(f)

]2
≥ 10 . (4.11)
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Figure 7. Left panel: we plot the values of the initial PBH abundance, βf as a function of PBH
mass for the different masses of the DM particles, which contributes to the observed DM density
of our universe (ΩDMh2 ≈ 0.12 [145]). The non-linear regime (τrat ≥ 470) is shaded in grey, and
no PBH domination region is in orange. Right panel: we set βf such that we get an era of PBH
domination and plot the mass of the heavy DM particles, satisfying the observational DM relic
density. We also find good agreement between the analytical result for mDM (as in eq. (4.21)) and
exact numerical calculation.

Assuming the operation time T = 4 yr for each experiment, we calculate the SNR by using
the noise curve of a given experiment and display the results for the entire parameter space
of interest in figure 6. We also show (the solid red line in figure 6) the strong upper bound on
the parameter space coming from the overproduction of GWs spoiling the CMB [149, 150].

4.2 Dark matter relic density

PBH evaporation can lead to the non-thermal production of stable heavy DM particles.
We can also consider light mass DM particles from Hawking evaporation, but as they are
highly constrained from particle physics experiments, instead, we focus on heavier mass
DM particles in the form of Dirac fermions. Our approach to estimating the present-day
DM relic density has been twofold. We use a numerical setup for exact estimates and
compare it with independently derived approximate analytical results.

To take into account the continuous production of DM particles from Hawking evap-
oration and simultaneously the dilution effects from the expansion of the universe, we
implement FRISBHEE, which solves Friedmann’s equations to estimate the DM energy den-
sity at the start of standard RD epoch, primarily contributed at the very last stage of
PBH evaporation, when the universe goes through a transition from PBH domination to
standard RD. The present-day DM energy density is then obtained using the ratio between
then and present-day temperature and the change in the total number of relativistic degrees
of freedom. From the conservation of entropy, we can write,

a(t1)3g∗,S(T1)T1
3 = a(t2)3g∗,S(T2)T2

3 =⇒
(
a(t1)
a(t2)

)
=
(
T2
T1

)(
g∗,S(T2)
g∗,S(T1)

)1/3

. (4.12)
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Using this, the DM energy density ρDM(tr) of the start of RD (t = tr) can be translated to
present day (t = t0) DM energy density ρDM(t0) as,(

ρDM(t0)
ρDM(tr)

)
=
(
a(tr)
a(t0)

)
=
(
T0
Tr

)3 (g∗(T0)
g∗(Tr)

)
. (4.13)

We numerically scan the PBH parameter space, namely the PBH mass and initial abun-
dance considering the different mass of DM particles mDM which can produce the observed
DM abundance ΩDMh

2 ≈ 0.12 [145], for two different initial spin values a∗ = {0.0, 0.99},
as shown in the left panel of figure 7.

We find that the change in the initial spin leaves a small but nonzero shift in the
contours, which connects the points in PBH parameter space corresponding to a particular
DM particle mass, contributing to the observed DM relic density. Another interesting point
is the exact vertical part of these lines in the region where PBH domination occurs. This
lack of dependence on the PBH initial abundance is expected because in the case of PBH
domination, the total energy density just before the standard RD phase is contributed only
from the PBHs, and the fraction of DM energy density remains constant for a fixed mass
DM particle. In the case when PBHs evaporate before they can dominate, the fraction of
PBH contribution to the total energy density decreases, which also leads to a decrement
in the DM energy density coming from PBHs.

We depend upon a few reasonable simplifying assumptions for the analytical estimate
of present-day DM relic density contributed by PBH evaporation. The energy density of
the DM particles evolves similarly to PBHs during PBH domination. For spin 1/2 particles,
we effectively assume all the DM particles are produced instantly at the end of the PBH
evaporation process as their production rate tends to peak at the very end [69]. If we
consider the mass of the fermionic DM particle to be mDM � TPBH,i, the total number of
DM particles from a single BH can be approximated as [83],

NDM ≈ 7.27× 1033gDM

( GeV
mDM

)2
. (4.14)

At the end of PBH evaporation which roughly contributes to DM energy density,

ρDM(τr) = ρtot(τr)
(
NDMmDM
MPBH

)
(4.15)

Translating it to the present-day energy density, we get

ρDM(τ0) = ρDM(τr)
(
T0
Tr

)3 (g∗(T0)
g∗(Tr)

)
(4.16)

and the present DM relic density of our universe comes out to be,

ΩDM = ρDM
ρcrit

≈
(

gDM
g∗,H(Tr)

)(3.6× 109 GeV
mDM

)( 108 g
MPBH

)5/2
(g∗(Tr))3/4 , (4.17)

where we use the temperature of the universe at the end of PBH evaporation,

Tr ' 8.9× 107
(
MPBH
102g

)−3/2
(g∗(Tr))−1/4 GeV . (4.18)
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Figure 8. Filled contours indicate the spectra within the detection range of future GW experiments
similar to figure 6. The top ticks indicate the mass of the DM relic leading to the correct abundance
today. The top panel corresponds to a∗ = 0.0, while in the lower panel, a∗ = 0.99. Our DM results
are only valid to the right of the vertical grey lines indicating MDM = MPl . For contours denoted
by CMB-HD or CMB-Bharat (without filling), the higher MPBH and higher βf region refers to the
parameter-space where ∆Neff from DR is within reach of future CMB experiments. We show scalar,
fermionic, vector, or graviton DR contours indicated by the subscripts s,f ,v, or g, respectively, just
as in figure 6.
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While this estimate is valid for non-spinning PBHs, it is tough to estimate NDM analytically
for spinning PBHs. From our results in section 4.1 that the emission of fermions stays nearly
unaffected due to the change in initial PBH spin, we use this as an assumption to get an
analytical estimation of ΩDM for spinning PBHs. Taking NDM,spin ' NDM,no-spin, allows us
to express,

ρDM,spin(τ0) ' ρDM,no-spin(τ0)
(

Tr,spin
Tr,no-spin

)
, (4.19)

and (
ΩDM,spin

ΩDM,no-spin

)
≈
(

Tr,spin
Tr,no-spin

)
≈
(

∆tPBH,spin
∆tSPBH

)−1/2

= F(a∗)−1/2. (4.20)

It is also possible to get a significant abundance of DM particles even if we consider
the scenario wherein the PBHs evaporate before they can dominate, as we can see in the
lower part of the left panel of figure 7. Since our focus here is to connect DM with the
observable ISGWB signals and we obtain amplification in the ISGWB spectrum only when
there is a phase of PBH domination, for the analytical estimates, we limit ourselves to the
parameter space where PBH can dominate the universe for a finite duration. Matching
with the observed abundance of DM relic density provides us with a relation between the
mass of PBHs and DM particle mass,

mDM ≈ 1.7× 105
(

1010 g
MPBH

)5/2

F(a∗)−1/2 GeV. (4.21)

Using this expression, we plot mDM as a function of MPBH in the right panel of figure 7
along with the corresponding numerical values, which are obtained from scanning the
parameter space where PBHs do dominate the universe for a finite period. The numerical
and analytical results match quite closely, and we use the analytically derived mDM in the
upper bars of the upper and lower panel of figure 8 for a∗ = {0.0, 0.99}. To complete
the picture, we plot it along with the contours for detectable GW observations (with SNR
≥ 10) and the CMB observation bounds for ∆Neff for different particles species with
s = 0, 1/2, 1, 2 as we have derived in the previous section.

4.3 Baryogenesis

As we discussed in the previous section, massive non-relativistic stable particles emitted
from Hawking evaporation of PBHs can lead to the DM component of our universe. On
the other hand, if the emitted massive particles are unstable, they can decay in a baryon-
number violating process which can contribute to the observed baryon asymmetry of our
universe.

In our previous work [80], we considered PBH evaporation induced baryogenesis and
connected the baryogenesis parameters with the PBH parameter space in the light of IS-
GWB observations. We considered two cases of baryogenesis: direct baryogenesis through
the baryon-number violating decay of Higgs-triplets and baryogenesis through leptogenesis
due to the decay of right-handed neutrinos and the subsequent conversion of lepton asym-
metry to baryon asymmetry via the sphaleron processes. We assumed the baryogenesis
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Figure 9. Left panel: we plot βf as a function of MPBH for the different masses of the heavy
decaying particles, which contributes to the observed baryon asymmetry of our universe (YB ≈
8.80 × 10−11). The non-linear regime (τrat ≥ 470) is shaded in grey and no PBH domination in
orange. Right panel: we set βf such that we get an era of PBH domination and plot the mass
of the heavy decaying particles which satisfy the baryon asymmetry observation. The comparison
between the analytical and numerical results for non-spinning PBHs is reasonably good.

scenario, where Higgs-triplet and right-handed neutrinos originate from Hawking evapora-
tion of ultra-low mass PBHs. We denote the efficiency of the baryogenesis process with
a parameter εX , which can take different values up to unity depending on various decay
channels and other factors in the baryogenesis process solely depending on the microphysics
of the BSM particle physics scenario under consideration. One can write an expression for
εX in terms of the decay rate of particle model [76],

εX ≡
∑
i

Bi
Γ(X → fi)− Γ(X̄ → f̄i)

Γtot
, (4.22)

where fi is ith final particle with baryon number Bi, and Γtot is the total decay width of the
heavy particle. For the baryogenesis via leptogenesis scenario, we denote the conversion
factor for lepton asymmetry to baryon asymmetry as λ = 0.35 [72].

In the present work, we revisit the same framework to include the effects of the initial
spinning PBHs. For this purpose, we modify FRISBHEE to calculate the number density of
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Figure 10. Reach of future GW observatories (filled contours) and CMB probes for DR (contours
denoted by CMB-HD or CMB-Bharat, without filling) in terms of the mass and initial abundance
of PBHs, just as in figure 8. The top panel corresponds to a∗ = 0.0 while the lower is for a∗ = 0.99.
On the top axis, we indicate the mass of the Higgs triplet mX for which we obtain the observed
baryon asymmetry. The green shaded region corresponds to allowed regions for GUT baryogenesis
from proton decay bound.
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the Higgs-triplet particle, NX(tr) numerically at the end of PBH evaporation and estimate
the total baryon asymmetry from Higgs-triplet particles as,

YB = nPBH
s(tr)

εXNX =
(

NX

MPBH

)
ρtot(tr)
s(tr)

εX =
(3

4

)(
NXTr
MPBH

)
g∗(Tr)
g∗,S(Tr)

εX . (4.23)

For Baryogenesis via leptogenesis mechanism with right-handed neutrinos, we need to
include the conversion factor λ, and this formula gets modified to,

YB = λ

(3
4

)(
NXTr
MPBH

)
g∗(Tr)
g∗,S(Tr)

εX . (4.24)

In the left panels of figure 9, we use the exact numerical setup and plot the lines connecting
the points of PBH parameter space which are found to produce the observed baryogenesis
for a particular mass of decaying particles, Higgs-triplet (upper panel) and right-handed
neutrinos (lower panel). For the case of PBH domination, we find the estimated baryon
asymmetry to have negligible dependence on initial PBH abundance βf , which is qualita-
tively similar to the DM and DR scenario. Using YB ≈ 8.8 × 10−11 (inferred from CMB
observations [145, 151] and BBN constraints [152, 153] ) and εX = 1, we get an analytical
relation between the initial PBH mass MPBH and mass of the decaying heavy particle MX

as [80],

MX ≈ 2.5×1016

√
εX

( 1 g
MPBH

)5/2
GeV (For Higgs-triplet in GUT baryogenesis). (4.25)

MX ≈ 5.9×1015

√
εX

( 1 g
MPBH

)5/2
GeV (For right-handed neutrinos ). (4.26)

In the right panels of figure 9, we plot these approximate analytical results for the
Schwarzschild case, along with the numerically obtained mass of the Higgs-triplet (up-
per panel) and right-handed neutrinos (lower panel) as a function of MPBH which leads to
observed matter-antimatter asymmetry, both for initially spinning and non-spinning popu-
lation of PBHs. We find a negligible deviation from non-spinning results to spinning PBHs,
while the mismatch between numerical and analytical results is somewhat significant.

As we are considering scalar Higgs-triplet particles in the GUT baryogenesis context
and right-handed neutrinos in case of baryogenesis via leptogenesis scenario and the emis-
sion of s = 0 and s = 1/2 particles get negligibly affected due to the inclusion of spin, a very
weak dependence on the initial PBH spin is expected. Using our analytical Schwarzschild
expression, we plot the corresponding mass ranges mX of Higgs triplet particles in the up-
per panel of figure 10. We also plot the proton decay bound in the green vertical contours
for direct GUT baryogenesis models as required by the laboratory constraints on proton
decay from SuperK experiment [154] and take the efficiency parameter εX = 1 for all our
calculations. The lower panel of figure 10 show similar contours for spinning PBHs with
a∗ = 0.99. It is interesting to note the comparative difference in the ISGWB detection
possibility lines in the two plots for two different values of the spin parameter a∗. However,
the predictions from baryogenesis remain nearly the same. It is important to note that
we only plot the mass range of Higgs-triplet particles for direct baryogenesis in the upper
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panel of figure 10, which is not valid for right-handed neutrinos. We plot it as a represen-
tative plot to illustrate the combined picture of ISGWB detection probability, detectable
DR parameter space, and baryogenesis scenario.

5 Conclusions and discussions

In this paper, we have explored diverse observational consequences of an early scenario pop-
ulated by ultra-low mass PBHs, which briefly dominate the energy density of the universe
but evaporate before BBN. There are several important implications of such a scenario; for
instance, the emitted byproducts from PBHs, depending on their properties, can contribute
to the DM energy density, additional DR contribution and baryogenesis via the decay of
unstable particles. In this work, we study how these different aspects can complement
each other, and a combination of them, as a whole, can offer a better understanding of
the post-inflationary phase before BBN. In our earlier work [80], we studied the origin of
a doubly-peaked ISGWB in such a scenario which can be used as a novel tool to probe
such a possibility. Here, we have extended the scope of our earlier work by including the
initially spinning PBHs and quantitatively identified the corresponding signatures in DR,
DM, and baryogenesis with the help of an exact numerical setup. Some interesting findings
of our work can be summarized below:

• The resonant ISGWB spectrum of a unique doubly-peaked shape contributed
from the isocurvature-induced adiabatic perturbations associated with the PBHs
distribution and from the inflationary adiabatic scalar perturbations can be detected
with various future GWs detectors (see, figures 6 and 8) and can also be used
to constrain the PBH parameter space from the results on Neff from the existing
CMB observations. For the ISGWB, the primary effect of including the initially
spinning PBHs arises from the modified PBH lifetime. PBHs with non-zero spin
evaporate more rapidly, and that change in the evaporation timescale results in
the modification of the ISGWB spectrum as shown in figures 2 and 3. The peak
frequency and the height of the peak both get modified slightly, which shows a weak
dependence of ISGWB on the PBH spin.

• While the PBH spin does not play a significant role in the ISGWB signal, in the case
of the DR from Hawking evaporation, the effect of initially spinning PBHs varies
depending on the type of emitted particle, as we can see from figures 4 and 5, from
scalar particles, larger PBH spin results in smaller ∆Neff and reduced detectability,
but as we go for higher spin DR particles like the graviton, the larger PBH spin
is found to contribute significantly to ∆Neff , thereby, enhancing the detectability.
This characteristic feature of gravitons opens up an exciting possibility of detecting
the initial PBH spin through DR in future CMB observations like CMB-HD and
CMB-Bharat. As evident from figure 6, we obtain a PBH mass-dependent cutoff
value of PBH spin, only above which ∆Neff from the graviton becomes detectable
in the CMB-HD experiment. Though the sensitivity of PBH spin is weaker in the
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case of vector particles compared to the graviton, similar behaviour for the ∆Neff
detectable in CMB-HD is also visible for vector particles.

• Non-thermal production of DM candidates satisfying the observed relic density is
notoriously challenging to test in DM laboratory experiments due to the null inter-
actions with the standard model as well as the high energy scales involved. However,
the doubly-peaked ISGWB spectrum allows us to probe such DM production with
varying DM masses, as shown in figures 7 and 8. Considering Dirac fermions as
DM particles, we find the dependence of PBH spin to be very weak. Similarly, for
PBH-induced baryogenesis, we find a very weak PBH spin sensitivity both for direct
baryogenesis and baryogenesis via leptogenesis scenario, as evident from figure 9.

• Though initial PBH spin leaves insignificant effects in the case of ISGWB, fermionic
DM, and scalar vector and fermionic DR particles, we find significant effects of PBH
spin for graviton as DR particles. It offers us an exciting opportunity to employ
otherwise unrelated experiments, CMB detectors, and GW detectors to break the
degeneracy between spinning and nonspinning PBH scenarios. Thus, cosmological
estimations of ∆Neff from CMB experiments and detection of ISGWB in future GW
observations complement each other (see figure 7) to constrain the reheating history
more effectively.

• Different observational probes offer very different sensitivities for initial PBH
abundance, βf . As we have discussed, ISGWB strongly depends on the initial PBH
abundance, as even a slight change in βf alters the duration of the early PBH
domination and leads to large modifications of the ISGWB peaks. On the other
hand, when we consider scenarios with the generation of DR, DM or baryogenesis
from Hawking evaporation, we find them to depend on βf only when PBHs evaporate
before they can dominate the universe. But, if the PBHs dominate the universe for
a finite duration, the initial abundance of PBH or the duration of PBH domination
does not alter the results significantly, as is evident from the left panels of figures 7
and 9, and also from the sensitivity plots in figures 8 and 10.

To conclude, Hawking evaporation of a dominant population of ultra-low mass spinning
and non-spinning PBHs can lead to cosmological relics such as DM, DR, and baryon asym-
metry, and the doubly-peaked ISGWB arising inevitably in such a scenario can potentially
probe and constrain these contributions. We have exhibited a novel complementarity of
different probes like the future CMB experiments and GW detectors and found the synergy
of future GW observatories and CMB missions to observe ∆Neff to put very strong con-
straints on PBH parameter space as well as the reheating history of the pre-BBN universe.

There have been some recent efforts to include more realistic non-monochromatic PBH
mass distribution, both in the context of ISGWB [113] and on the Hawking evaporation-
induced baryogenesis [155]. In a similar context, it would also be interesting to explore the
effects of the non-monochromatic spin distribution of ultra-low mass PBHs and resulting
modifications in ISGWB, dark sector and baryogenesis. Taking into account the clustering
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of PBHs during the eMD epoch and different spatial distributions of PBHs are also expected
to leave imprints on our results, particularly on the ISGWB part, which we leave for
future work. We do not work with any PBH-forming models for the inflationary adiabatic
perturbations. Instead, we use the standard power-law power spectrum on all scales. If we
consider specific inflationary models for the formation of such ultra-low mass PBHs, our
estimation of the ISGWB near the PBH forming scales is expected to be modified, which
would be interesting to explore further. A prolonged eMD phase also restricts the allowed
number of e-folds from the horizon exit of the CMB pivot scale to the end of inflation [156].
This constraint, along with the optimal range of the scalar spectral index ns and the tensor
to scalar ratio r from CMB observations [122] allows one to put constraints on possible
inflationary models. For an early PBH domination, such an analysis would allow us to
constrain the PBH parameter space directly and, thereby, check the consistency of the
Hawking evaporation-driven baryogenesis and DM production, for a particular model of
inflation. We leave it for future work.
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