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We demonstrate that general relativistic corrections to the accretion of relativistic matter onto
primordial black holes (PBHs) can significantly enhance their mass growth during the early Universe.
Contrary to previous Newtonian treatments, our analysis reveals that PBH masses can increase by
an order of magnitude before evaporation, leading to substantial modifications of their lifetime and
cosmological imprints. We quantify the resulting shifts in the minimum PBH mass constrained by
Big Bang Nucleosynthesis (BBN), the revised lower bound for PBHs surviving today, and the dark
matter parameter space allowed by PBH evaporation. Furthermore, we show that the enhanced
accretion alters the high-frequency gravitational wave spectrum from PBH evaporation, potentially
within the reach of future detectors. Our results provide a comprehensive, relativistically consistent
framework to delineate the role of PBHs in early-universe cosmology and dark matter phenomenol-
ogy.

I. INTRODUCTION

Black holes (BHs) have been at the forefront of theoret-
ical physics, bridging the realms of classical and quantum
gravity. Traditionally, their phenomenological studies re-
volved around the gravitational capture of surrounding
matter through the process of accretion in astrophysi-
cal environments [1, 2]. However, a quantum mechan-
ical perspective reveals that BHs can also emit parti-
cles through Hawking radiation [3], an insight that re-
shaped the understanding of the very foundational na-
ture of gravity and paved the way into its cosmological
implications.

The groundbreaking discovery of gravitational waves
by the LIGO and Virgo collaborations in 2016 [4] further
propelled BHs into the spotlight, intensifying their rele-
vance in observational cosmology [5]. In this realm, pri-
mordial black holes (PBHs) stand out as a potential key
to unlocking several cosmological puzzles. These PBHs,
formed from the gravitational collapse of overdensities in
the early universe, span a wide mass range — from sub-
gram scales to solar masses [6–10]. Depending on their
mass, PBHs can undergo both accretion and evaporation
during cosmic evolution, influencing various phenomena
such as dark matter (DM) production [11–16], baryoge-
nesis [17–22], and cosmic microwave background (CMB)
distortions [23–30] to name a few. Accretion is one of the
pivotal processes of PBHs evolution in the early universe
[31–41]. While early studies on PBH accretion primarily
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focused on Bondi-Hoyle [42–51] models in the Newtonian
framework, the general relativistic effect could be partic-
ularly important for PBHs that are embedded in a hot
and dense environment of relativistic plasma in the early
universe.

Motivated by this, we present a reformulation of
the PBH accretion process within a general relativistic
framework, and we systematically investigate its impact
on the cosmological evolution of PBHs. Our analysis
shows that relativistic corrections to the Bondi accretion
model significantly enhance the accretion rate, leading
to substantial mass growth of ultralight PBHs prior to
their evaporation via Hawking radiation. By numerically
solving the coupled equations governing accretion and
evaporation in an expanding Universe, we derive updated
constraints on the initial PBH mass spectrum, refine
bounds on their abundance, and assess their viability
as dark matter candidates. In addition, we predict a
measurable shift in the high-frequency gravitational
wave spectrum due to accretion-induced mass evolution.
This unified treatment of PBH dynamics incorporating
both evaporation and relativistic accretion provides a
more accurate and testable framework for PBH based
dark matter scenarios in light of current cosmological
data.

II. GENERAL RELATIVISTIC ACCRETION

We present the basic formalism of general relativis-
tic accretion in an axisymmetric, asymptotically flat BH
spacetime, following the approach outlined in [52], where
spacetime is given by,

ds2 = gttdt
2 + grrdr

2 + gθθdθ
2 + gϕϕdϕ

2 + 2gtϕdϕdt. (1)
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The horizon is defined as grr = 1/grr = 0 and the metric
coefficients are functions of (r, θ). In this background, the
dynamics of an ideal fluid is described by the conservation
equations, ∇νT

µν = 0 ; ∇µj
µ = 0, where the indices

µ and ν run from 0 to 3. The symbol ∇µ denotes the
covariant derivative. Recall that any ideal fluid of energy
density ρ, pressure p, and mass density ρ̃ is characterized
by the energy momentum tensor Tµν , and the particle
number current jµ, which are expressed as,

Tµν = (ρ+ p)uµuν + pgµν ; jµ = ρ̃uµ. (2)

Here, uµ is the four velocity in the lab frame supple-
mented by the condition uµu

µ = −1. Defining a projec-
tion operator as hiµ = δiµ + uiuµ, that satisfies h

i
µu

µ = 0,
we project the energy momentum conservation equation
into a three vector equation as,

hiµ(∇νT
µν) = (ρ+ p)uν(∇νu

i) + (giν + uiuν)(∂νp) = 0,
(3)

and a scalar equation as,

uµ(∇νT
µν) = uµ (h∂µρ̃− ∂µρ) = 0. (4)

In equation (3), the roman index assumes i = 1, 2, 3.
Conventionally, the evaluation of the accreting matter is
described in terms of the quantity defined in co-rotating
frame of the fluid considering the following series of vari-
able transformations: Azimuthal velocity is defined as
v2ϕ = (uϕuϕ)/(−utut) with the associated Lorentz fac-

tor γϕ = 1/
√
(1− v2ϕ); the polar velocity is defined as

v2θ = γ2ϕ(u
θuθ)/(−utut) with the associated Lorentz fac-

tor γθ = 1/
√
(1− v2θ), and finally the radial velocity

is defined as v2 = γ2ϕγ
2
θ (u

rur)/(−utut) with the asso-

ciated radial Lorentz factor γv = 1/
√
(1− v2). All de-

tailed equations formulated using the co-rotating fluid
variables are provided in the reference [52]. However, for
our present study we focus on spherical accretion and as-
sume vθ = vϕ = 0 [53]. Expanding the Eq. (3) for i = r,
we get,

vγ2v
dv

dr
+

1

hρ̃

dp

dr
+
dΦeff

dr
= 0. (5)

Here, Φeff [= 1
2 ln(−gtt)] is the general relativistic effec-

tive potential and h [= ρ + p)/ρ̃] denotes the enthalpy
of the flow. In this work, we consider Schwarzschild BH
where gtt = −grr = −f(r), gtϕ = 0, gθθ = gϕϕ/ sin

2 θ =
r2 with f(r) = 1 − 2GM/r. Here, M denotes the mass
of the BH. The effective gravitational potential perceived
by the fluid is given by Φeff = 1

2 ln f(r), and the radial
momentum equation transforms into,

vγ2v
dv

dr
+

1

hρ̃

dp

dr
+

1

2

f ′(r)
f(r)

= 0. (6)

The mass accretion rate is obtained from the continuity
as,

dM

dt
= 4πr2ρ̃γvv

√
f(r). (7)

Together, Eqs. (6) and (7) constitute the fundamental set
of equations that describe the dynamics of steady-state,
spherical accretion onto a BH in an asymptotically flat
spacetime.
In the non-relativistic (Newtonian) limit, valid at large

radial distances from the source, the fluid velocity is sub-
luminal, leading to γv → 1 and h → 1. Under these ap-
proximations, the general relativistic equations of motion
reduce to their well-known Newtonian forms

v
dv

dr
+

1

ρ

dp

dr
+
GM

r2
= 0, (8)

and the mass accretion rate becomes

dM

dt
= 4πr2ρv. (9)

Most of the studies of accretion onto PBHs have em-
ployed these Newtonian equations to model the process
within a cosmological context [26, 42, 44, 49]. We will
show how relativistic corrections in Eqs. (6) and (7)
change the outcome compared to the Newtonian one.
We have obtained the general relativistic Hydrody-

namic equation in static black hole background. In the
following we intend to apply this in the cosmological con-
text where background spacetime is expanding. Exact
analysis for such generalization would be to find out the
black hole solution in cosmological background which is
beyond the scope of our present work. To incorporate
the expansion of the universe directly we consider the
Friedmann–Lemâıtre–Robertson–Walker (FLRW) back-
ground, parametrized by the scale factor a(t), with the
metric ds2 = −dt2 + a2(t)(dr2 + r2dθ2 + r2 sin2 θ dϕ2),
and follow the approximation detailed in [42].

A. Accretion in the expanding background

The background expansion is incorporated by redefin-
ing the radial coordinate r = a(t)x. In this expanding
coordinate, the radial velocity v in terms of comoving
coordinate x and peculiar velocity vp becomes,

v =
dr

dt
= Hax+ vp, (10)

where H (= ȧ/a) is the Hubble parameter and vp (= aẋ).
The Hubble parameter H satisfies the dynamical equa-

tion H2 = ȧ2/a2 = (1/3M2
p )ρ. Where, ρ corresponds to

the background energy density of the Universe.
In all practical purpose the BH horizon radius (rs) sat-

isfies rs ≪ H−1 → ϵ = rsH ≪ 1. Therefore, asymp-
totic flat black hole approximation which we considered
in the earlier discussion can be approximately valid. One
can further define a length scale, r∗ associated with the
sphere of influence of a BH within which its gravity tends
to dominate over the cosmic expansion. It can be ap-
proximately defined as the total background mass con-
tained in the volume of radius r∗ equals the BH mass,
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as M = 4
3πr

3
∗ρ. This yields r∗ = rs/ϵ

2/3. Thus, for
small ϵ, the gravitational influence extends far beyond
the Schwarzschild radius (r∗ ≫ rs). Therefore, Within
this region, the fluid dynamics are governed by the quasi-
static Schwarzschild geometry with Hubble flow being
treated as small perturbation to the accretion flow in
this limit. However r > r∗, background can be described
by standard cosmological expansion with the scale factor
a(t).
Incorporating Eq. (10) into the accretion equations,

and integrating Eq. (6) we get,

ln
(
1− (Hax+ vp)

2
)
+

2ω

(1 + ω)
ln

(
ρ∞
ρ

)
− ln f(ax) = 0.

(11)

The integration constant is set by the condition that far
away from the BH (x → ∞), v → 0, and ρ → ρ∞ ∝
a−3(1+ω), which corresponds to the background energy
density of the Universe, characterized by the generic
isothermal equation of state p = ωρ. The Hubble pa-

rameter H2 = ȧ2/a2 = (1/3M2
p )ρ, can be further ex-

pressed as H = Hin (a/ain)
− 3

2 (1+ω)
, with index “in”

being some initial time which we identify later. Here,
Mp = 1/

√
8πG ≃ 2.435 × 1018Gev, being the reduced

Planck mass. Utilizing this, the relation between energy
density and mass density of the fluid can be obtained by
integrating the enthalpy generation Eq. (4) as,

ρ̃1+ω = ρω∞ρ. (12)

To obtain this, we have assumed the mass and energy
densities of the fluid at infinity are equal to ρ∞. Further,
using Eq. (10) and Eq. (12), Eq. (7) can be written as,

dM

dt
= 4π(ax)2ρ

ω
1+ω∞ ρ

1
1+ω

(Hax+ vp)√
1− (Hax+ vp)2

√
f(ax).(13)

The mass accretion rate Ṁ (= dM/dt) is assumed to be

a conserved quantity, and satisfies dṀ/dx = 0. Utilizing
this and combining Eq. (11) and (13), one readily obtains
the radial variation of the comoving fluid velocity as,

dvp
dx

=

2ω
(ax) +

ωf ′(ax)
2f(ax) − f ′(ax)

2f(ax) −H v2−ω
v(1−v2)

v2−ω
v(1−v2)

1
a

=
N

D
. (14)

In Fig. 1, we have depicted the various representative
solution topologies for the inflowing matter. The phys-
ical solutions are the ones where the inflowing matters
pass through a critical point and transits smoothly from
subsonic to supersonic branch. At the critical point,
one needs to satisfy N = D = 0 condition simultane-
ously. Solving this, we get the critical point location as
xc = GM(1 + 3ω)/(2aω) and matter velocity at xc as
vcp =

√
ω −Haxc. Inserting these in Eq. (13), the accre-

tion rate at the critical point becomes,

dM

dt
=

λc
16πM4

p

M2ρ∞, (15)

where λc = (1/4)ω−3/2(1 + 3ω)(1+3ω)/2ω. Following
the same procedure for the non-relativistic equations,
namely Eq. (8) and Eq. (9), the location of the criti-
cal point is determined to be xNR

c = GM/(2aω). At
this point, the peculiar velocity of the matter is given by
vNR
p,c =

√
ω − GMH/(2ω). These values, in turn, define

the accretion rate expressed in Eq. (15), with the non-
relativistic dimensionless critical eigenvalue λNR

c taks the
form λNR

c = (1/4) exp(3/2)ω−3/2, which is consistent
with the results presented in [26] for an isothermal equa-
tion of state. Integrating Eq. (15), we obtain

M

Min
=

[
1− λcγ

2(1 + ω)

( 3
2Hin(1 + ω)(t− tin)

3
2Hin(1 + ω)(t− tin) + 1

)]−1

(16)

where Min (= 4πγM2
pH

−1
in ) is the initial mass of a PBH

with Hin being the Hubble parameter at the formation
time t = tin. Here, γ (= ω3/2) is the collapse fraction to
form PBH [6]. From Eq. (16), we indeed see that PBH
gains mass due to accretion and quickly saturates into
(see Fig. 2),

Macc =Min

(
1− λcγ

2(1 + ω)

)−1

. (17)

This is one of the key results of our analysis. For exam-
ple, setting ω = 1/3 leads to a striking increase in the
BH mass, reaching approximately 4.53Min

1 The accre-
tion time scale of attaining this mass can immediately
be obtained from Eq. (16) at the time when accretion

rate equals expansion rate, i.e., when Ṁ/M = H, which
yields,

tacc − tin = τaccBH ≃ 3.24

4πγ

Min

M2
p

. (18)

For example, if we consider a PBH of mass 10 g accreting
in the radiation background (ω = 1/3), accretion ceases
at approximately τaccBH ≃ 3× 106M−1

p .

III. HAWKING EVAPORATION

In the quantum mechanical framework, a BH can also
emit particles via Hawking radiation. Due to this Hawk-
ing emission, BH loses its mass in the cosmological time
scale. The BHs decay rate can be well described by [54],

dM

dt
= −ϵ(M)

M4
p

M2
. (19)

In the high energy limit of the emitted particles Ej >>
TBH, called geometrical optical limit, the parameter ϵ(M)

1 Throughout our analysis, we assume non-rotating PBHs. How-
ever, if spinning PBHs are considered, the mass increase would
be slightly higher—a possibility we leave for future investigation.
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FIG. 1. Plot of flow velocity (v) as a function of radial dis-
tance (r) for different accretion rate, with an equation of state
ω = 1/3.

is approximately expressed as ϵ ≃ 27
4

g∗(TBH)π
480 , with

g∗(TBH) ∼ 106.76 being the number of relativistic de-
grees of freedom at the BH temperature TBH = M2

p/M
[55]. With this assumption, the PBH mass evolves as,

M ≃Min

[
1− (t− tin)

τ evBH

] 1
3

. (20)

Similar to the accretion time scale, here also we have BH
evaporation time scale set by M = 0,

tev − tin = τ evBH ≃ M3
in

3ϵM4
p

. (21)

For example, assuming a PBH with a mass of 10 g
formed in a radiation-dominated background (ω = 1/3),
it completely evaporates at approximately τ evBH ≃ 8.8 ×
1017M−1

p . This highlights the wide separation between
the timescales of the two different physical processes of
our interest, namely accretion and evaporation (τ evBH ≫
τaccBH ), as depicted in Fig. 2.

The second natural quantity of our interest is the num-
ber of particles produced during its entire life time of a
PBH. Following [56–58], one can deduced the total num-
ber of emitted particles by a PBH of modified massMacc,

and temperature T acc
BH = T in

BH

(
1− 3λcγ

8

)
due to accretion

as,

Nj ≃

108
(

Macc

1 g

)2

for mj ≲ T acc
BH ,

1014
(

1010Gev
mj

)2

for mj ≳ T acc
BH ,

(22)

where ‘j’ stands for a particular emitted particle of mass
mj , and T

in
BH (=M2

p/Min) is the initial BH temperature.
Note that Eq. (22) considers only scalar particles; for
fermionic particles, a factor of 3/4 should be included.

IV. PBH MASS EVOLUTION

In the preceding sections, we have discussed two im-
portant physical processes under which PBH evolves. Be-
sides accretion being responsible for its increase in mass,
a PBH also loses its mass by emitting Hawking radia-
tion. Both the processes is described by the following
PBH mass evolution equation as,

dM

dt
=

(
dM

dt

)
accretion

+

(
dM

dt

)
evaporation

. (23)

We note that while accretion takes place early in the
PBH’s lifetime over a very short timescale τaccBH , evapora-
tion occurs much later, near the end of its life. Due to
this widely separated time scale of processes, we analyt-
ically solve Eq. (23) in two steps. As delineated earlier,
in the first step, accretion enables the PBH to quickly

gain mass, reaching Macc = Min

(
1− λcγ

2(1+ω)

)−1

. Accre-

tion ceases at time tacc − tin = τaccBH , when the accretion
rate equals the cosmic expansion rate, thereby setting
the initial condition for the PBH’s subsequent evapora-
tion phase. Upon solving the evaporation equation, we
find that

M ≃Min

[
1− λcγ

2(1 + ω)

]−1 [
1− (t− tacc)

τBH

] 1
3

, (24)

where the PBH life time modifies into the following ap-
proximate form as,

τBH ≃ M3
in

3ϵM4
p

[
1− λcγ

2(1 + ω)

]−3

. (25)

The evolution of PBH mass, accounting for both rel-
ativistic (blue) and non-relativistic (red) accretion in
conjunction with Hawking evaporation, is illustrated in
Fig. 2. Results are presented for two initial masses,
namely 10 g (dashed lines) and 108 g (solid lines), respec-
tively.

V. BBN CONSTRAINT

PBHs evaporating during the era of Big Bang Nucle-
osynthesis (BBN) can inject additional relativistic de-
grees of freedom, potentially altering the primordial el-
ement abundances predicted by BBN. To preserve the
observed consistency of BBN results, PBHs must evapo-
rate before the onset of BBN. This requirement imme-
diately suggests that the PBH mass within the range
of 108 g ≲ MBH ≲ 1013 g [8, 59, 67] should not form
in the early universe. However, when PBH accretion is
taken into account, these mass constraints are naturally
altered.
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FIG. 2. PBH mass (M) evolution as a function of scale factor
(a) for initial masses of 10 g (dashed) and 108 g (solid), com-
paring relativistic (green) and non-relativistic (red) accretion
along with Hawking evaporation.

In order to calculate the evaporation temperature
(Tev), we set ω = 1/3 and rewrite the PBH lifetime (Eq.
(25)) as,

τBH ≃ 1

2Hacc

(
aev
aacc

)2

=
M3

in

3ϵM4
p

[
1− 3λcγ

8

]−3

, (26)

where Hacc (= 4πγM2
pM

−1
acc) is the Hubble parameter

at the end of accretion tacc. In this radiation domi-

nated Universe with energy density ρr = π2

30 g∗(T )T
4, the

scale factor and temperature are related as aev/aacc =
Tacc/Tev, and hence, PBH evaporation temperature (Tev)
is computed as,

Tev ≃
√

3ϵ

2

(
π2g∗
30

)− 1
4
(
Mp

Min

) 3
2
(
1− 3γλc

8

) 3
2

Mp, (27)

where the relation Tacc = (π2g∗/90)−1/4(HaccMp)
1/2 is

used corresponding to radiation temperature at Hacc.
Combining Eqs. (26) and (27), the initial PBH mass can
be expressed as a function of the evaporation tempera-
ture,(

Min

1g

)
≃ 3.94× 108

(
1− 3γλc

8

)(
Tev
4Mev

)−2/3

. (28)

In the above expression, we consider g∗ = 106.75 at the
time of PBH formation. Equation (28) clearly demon-
strates the impact of accretion on the BBN limit for the
minimum PBH mass. For example, if we set λc = 0
(without accretion), we recover the well known BBN
bound on PBH initial mass Min ≃ 3.94× 108 g. On con-
trary, relativistic accretion (λc ≃ 10.4) clearly shifts such
bound to one order lower value, Min ≃ 8.6 × 107 g. Our
analytic estimates match well with the numerical ones
illustrated in Fig. 3, and further depicts the dependence
of the initial PBH mass on Tev for different accretion
scenarios.

10−4 10−3 10−2 10−1

Tev [GeV]

107

108

109

M
in

[g
]

3.37× 108 g

1.79× 108 g

6.90× 107 g

Evp

Evp + NR-Acc

Evp + Rel-Acc

FIG. 3. Initial PBH mass (Min) as a function of evaporation
temperature (Tev), shown for three cases namely, blue, red,
and green curves representing without, with non-relativistic,
and with relativistic accretion respectively.

VI. IMPROVED CONSTRAINTS ON DM

PBH evaporation provides a compelling mechanism
for explaining the observed DM abundance, Ωx,0h

2 ≃
0.12 [60]. Assuming that the present DM is pro-
duced completely from the evaporating PBHs, and sub-
sequently no additional entropy has been produced, the
DM abundance can be expressed as [14, 61],

Ωx,0h
2 ≃ 1.7

( γ

0.2

) 1
2
( g∗
106.75

)− 1
4

(
1g

Min

) 3
2 ( mx

1Gev

)
βNx,

(29)

where β = ρinBH/ρ
in is the PBH fraction defined as the

ratio of the PBH energy density to the total background
energy density at the time their formation. The total
number of DM particles (Nx) produced from evaporation
of PBH can then be computed using Eq. (22) for a given
DM massmx. For our present purpose we consider scalar
dark matter particle. For mx ≲ T acc

BH , we have,

β ≤ 7× 10−10

(
1− 3λcγ

8

)2 (
Min

1g

)−1/2 (
1Gev

mx

)
(30)

and for mx > T acc
BH ,

β ≤ 7× 10−36

(
Min

1g

)3/2 (
1Gev

mx

)−1

. (31)

Here, the equality represents the present day DM relic
abundance shown in Fig. 4 using solid brown, cyan, green
and magenta lines. The appreciable departure from the
standard cases without accretion is indeed observed par-
ticularly for dark matter masses mx < T acc

BH as shown in
respective dotted lines. Blue lines correspond to critical
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βc ≡ Tev/Tacc, above which we have matter dominated
universe, and β becomes independent of Min represented
by Vertical lines. For comparison, we also recover the
relation in the absence of accretion, shown by the dotted
lines.

An important constraint on the DM parameter space
comes from the warm dark matter (WDM) bound. PBHs
can emit DM particles with high momenta, which may
remain relativistic until structure formation, conflicting
with observations. The present day average DM velocity,
expressed in terms of the average DM momentum ⟨px⟩,
is given by

v0 =
aev
a0

⟨px⟩
mx

=
aev
ai

1

1 + zeq

Teq
Tacc

⟨px⟩
mx

, (32)

where aev and a0 = 1 denote the scale factors at PBH
evaporation and the present epoch, respectively. Here,
zeq ≈ 3400 is the redshift at matter-radiation equality,
and the corresponding radiation temperature is Teq ≃
0.8 × 10−9 GeV. For light DM particles mx ≪ T in

BH, the
average momentum is approximately ⟨px⟩ ∼ T in

BH. The
present-day velocity of WDM is given by [64]

vWDM ≃ 3.9× 10−8

(
KeV

mWDM

) 4
3

. (33)

In our present analysis, we impose the lower bound on
the WDM mass to be, mWDM > 3.3KeV [66]. This, in
turn, constrains the DM mass as [56, 63]

mx

GeV
≥ 8.1× 107

(mWDM

keV

) 4
3

(
Macc

Mp

) 1
2

. (34)

This constraint is shown in yellow in Fig. 4. Another
important constraint arises from inflation. As discussed
earlier, the Hubble parameter at the time of PBH forma-
tion is related to its initial mass by Hin = 4πγM2

pM
−1
in .

At the end of inflation, the Hubble parameter typically
reaches a minimum value of Hend ∼ 1014 GeV [65], which
imposes a lower bound on the PBH mass of approxi-
mately Min ≳ 0.1 g. This constraint is represented by
the light blue shaded region in Fig. 4.

To account for the effects of evaporation products on
BBN within the mass range 108 g ≲ MBH ≲ 1013 g, we
follow the framework of Ref. [59], which models the pho-
todisintegration rates of light nuclei. This constraint is
represented by the green shaded region in Fig. 4. We fur-
ther incorporate our modified evaporation history, which
includes the impact of enhanced accretion, shown by the
light green shaded region in the same figure.

VII. CONSTRAINS ON EVAPORATING PBHS

PBHs with masses below approximately 1015 g are ex-
pected to have completely evaporated via Hawking ra-
diation by the present epoch in the absence of accretion

−2 0 2 4 6 8 10
log10(Min/g)

−25

−20

−15

−10

−5

lo
g

1
0
β

β = βc

10−2
Gev

103
Gev

108
Gev

10
13 Gev

TBH = mx

In
fl

at
io

n B
B

N

FIG. 4. Variation of β with Min for various DM masses. Dot-
ted lines represent scenarios with only Hawking evaporation,
while the solid lines incorporate the effects of relativistic ac-
cretion as well. Shaded regions indicate constraints from infla-
tion (light blue), BBN (green), improved BBN (light green),
and Ly-α limits (yellow line).

effects [8, 67]. However, incorporating accretion into the
PBH evolution notably extends their lifetimes, thereby
modifying the mass bound for surviving PBHs today.

Assuming that PBHs evaporate at the present cosmic
time t0 ≃ 4.53 × 1017 s, their lifetime is approximately
given by τBH = t0 − tacc ≃ t0. Using this and the PBH
lifetime relation in Eq. (25), the modified initial mass for
PBHs evaporating today is estimated as,

M0
in ≃

(
3ϵM4

p t0
) 1

3

(
1− 3γλc

8

)
≃ 1.2×1015g

(
1− 3γλc

8

)
.

(35)
This immediately modifies the initial PBH mass limit of
approximately ≃ 2.72 × 1014 g, below which all PBHs
would have fully evaporated by now. In the absence of
relativistic accretion (λc = 0), this limit is about an or-
der of magnitude higher, at 1.24× 1015 g. The inclusion
of accretion thus introduces a new threshold, naturally
shifting the parameter space of present-day PBH abun-
dance, parametrized by fPBH(M) = ΩPBH/ΩDM, as a
function of their initial mass Min. Here, ΩPBH and ΩDM

denote the present density parameters of PBHs and to-
tal DM, respectively. The constraints on fPBH(M) arise
from several observational channels [68–71], including
gravitational lensing [72, 73], accretion-induced emissions
[26, 74], extragalactic gamma-ray backgrounds [75], and
gravitational wave observations [76, 77]. Since accretion
alters the mass evolution of PBHs, it induces a notice-
able change in the viable parameter space, as illustrated
in Fig. 5 using solid curves. This evidently leads to the
modified mass range within 1016 g to 1021 g are still al-
lowed to serve as the sole DM candidate.
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FIG. 5. Constraints on the PBH dark matter fraction fPBH vs.
initial mass Min are shown. The dashed curve includes only
Hawking evaporation; the solid curve also accounts for rela-
tivistic accretion. Shaded regions denote bounds from evap-
oration (red), microlensing (blue), and GWs (purple). Black
lines mark the critical mass with (solid) and without (dashed)
accretion.

VIII. GRAVITATIONAL WAVES FROM PBH
EVAPORATION

PBHs evaporate via Hawking radiation, emitting
gravitons that contribute to a stochastic gravitational
wave (GW) background. This GW signal offers a unique
window into PBH physics and the early universe. Accu-
rate modeling requires going beyond idealized blackbody
assumptions using tools like BlackHawk [78], which ac-
counts for greybody factors, spin effects, and realistic
emission spectra.

The instantaneous GW energy density is given by [79,
80],

dρGW

dt dω
= nBH(t)

ω

2π
QGW(t, ω,Macc), (36)

where QGW is the graviton flux computed numerically.
The GW energy density at evaporation is obtained by
integrating over the PBH lifetime; redshifting this result
gives the present day spectrum as,

ΩGW(f) =
ρinBH

Min ρ0c

ω2
0

2π

a3in
a20

∫ tev

tacc

dt

a(t)
QGW

(
t,
ω0a0
a(t)

)
,(37)

where ρ0c and a0 denote the critical energy density and
scale factor measured today, respectively. Relativistic
accretion extends PBH lifetimes by modifying the mass
loss rate, which in turn shifts the peak frequency and
amplitude of the resulting GW spectrum (see Fig. 6).
While our primary results and the analytical expressions
derived here rely on the assumption of a monochromatic
PBH mass function, we note that an extended mass func-
tion, ψ(Min), would modify the resulting spectrum. In
this generalized case, the total observable GW spectrum

1010 1012 1014 1016 1018 1020

f [Hz]

10−22

10−18

10−14

10−10

10−6

Ω
G

W
h

2

∆Neff
Min = 1 g

β = 10−6

β = 10−10

FIG. 6. ΩGW is shown versus frequency. The solid line
includes both Hawking evaporation and relativistic accretion;
the dashed line shows only Hawking emission. Red curves
indicate ∆Neff = 0.17 (Planck + BAO) [60] and ∆Neff = 0.06
(CMB-S4) [62] constraints.

is the superposition of all the monochromatic spectra,
weighted by the mass distribution ψ(Min). Since the
peak frequency scales directly with mass [80], the primary
effect would be a broadening of the spectrum. Conse-
quently, the single, sharp peak corresponding to a single
Min would be “smeared out” over a range of frequencies
defined by the width and shape of the PBH mass function
itself.
Detecting these high-frequency GWs is challenging

but potentially feasible with next-generation detectors,
including laser interferometers (1–10 kHz) [81], levi-
tated sensors (10–100 kHz) [82], magnetic conversion
(10 GHz) [83, 84], and inverse Gertsenshtein effect de-
vices (1014–1018 Hz) [85]. Axion experiments such as
JURA [86], OSQAR II [87], and CAST [88] may be re-
purposed for graviton detection, providing novel probes
of PBH accretion and early-universe dynamics.

IX. CONCLUSIONS

Primordial Black Holes (PBHs) have become an in-
tegral part of theoretical model building for the early
Universe and dark matter. In this paper, we revisit the
cosmological evolution of PBHs by incorporating two key
physical processes: Hawking evaporation and accretion.
In contrast to previous studies that modeled accretion us-
ing a pseudo-Newtonian approximation, which typically
yields negligible mass growth, we formulate the accretion
dynamics within a fully general relativistic framework.
We demonstrate that relativistic corrections, crucial in
the dense plasma of the early universe, significantly en-
hance the accretion rate, leading to a phase of rapid,
runaway PBH mass growth on timescales much shorter
than those of Hawking evaporation. This dynamic in-
terplay imposes a new and stronger lower bound on the
PBH mass, Min ≤ 6.9 × 107 g, as PBHs forming below
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this mass would grow so efficiently that their subsequent,
more powerful evaporation injects excessive energy into
the primordial plasma, disrupting the successful predic-
tions of Big Bang Nucleosynthesis (BBN).

This accretion-dominated evolution has several pro-
found cosmological implications that we have explored.
We analyze the consequences of this enhanced accretion
on Dark Matter (DM) production via Hawking radia-
tion and find a noticeable shift in the allowed parame-
ter space spanned by the PBH abundance and DM mass,
modifying constraints relative to previous results [14, 89].
This modification arises because the rapid mass increase
alters the evaporation lifetime and temperature of the
PBHs (TBH ∝ 1/MBH), thereby changing the production
efficiency and viable parameter space for DM particles
generated via Hawking radiation. As a PBH grows, it
ceases to produce massive DM particles sooner than a
non-accreting PBH would, thus altering the final relic
abundance.

Furthermore, we determine that the minimum PBH
mass capable of surviving to the present day is reduced
to ∼ 2× 1014 g, an order of magnitude below existing es-
timates [67, 71]. PBHs with masses above this threshold
could themselves constitute viable DM candidates. This
result significantly revises the minimum mass for which
a PBH can be considered a potential dark matter con-
stituent today, effectively widening the available param-
eter space. Notably, our work reinforces the viability of
the broad mass window between 1016 g and 1021 g, which

remains observationally unconstrained and allows PBHs
to account for the entirety of DM. Finally, we compute
modifications to the high-frequency gravitational wave
(GW) spectrum arising from this accretion-driven PBH
mass growth.
In summary, our work underscores the critical impor-

tance of incorporating a fully general relativistic treat-
ment for PBH accretion. By doing so, we have refined
key cosmological constraints related to BBN and dark
matter, and we have highlighted a clear, potentially ob-
servable signature in the GW background. Future multi-
messenger explorations of the early Universe will be cru-
cial for testing the accretion-driven scenario presented
herein. Important directions in which our present work
can be extended could to take into account Kerr-black
holes, impact of thermal feedback on the accretion pro-
cess etc.
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