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The hot big bangmay have emerged from evaporation of primordial black holes (PBHs) lighter than 109 g.
Standard monochromatic treatments predict nearly simultaneous evaporation, abrupt reheating, and a large
poltergeist scalar-induced gravitational wave signal. We confront this expectation with the irreducible
collapse mass tail predicted by general relativity, dfPBH=d lnM ∝ M3.78, which smooths reheating,
suppresses the signal by orders of magnitude, and reopens the ultralight PBH window.
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Introduction—Primordial black holes provide a direct
probe of otherwise inaccessible epochs in the early
Universe. Heavy PBHs remain viable dark-matter candi-
dates in parts of parameter space [1–4], while PBHs lighter
than roughly 109 g evaporate before big bang nucleosyn-
thesis (BBN) [5,6]. If sufficiently abundant, such ultralight
PBHs dominate the energy density before they evaporate
and thereby provide a minimal standard-model reheating
mechanism [7]. They can also produce dark matter through
Hawking radiation [8–11] or participate in mechanisms for
baryogenesis [12–17].
Such a cosmological history leaves several gravitational-

wave (GW) signatures. The most promising signals are
scalar-induced gravitational waves (SIGWs), generated at
second order in cosmological perturbation theory [18–25].
For PBH domination, the best-known source is the pol-
tergeist mechanism [26–40]: scalar modes freeze during
matter domination and begin to oscillate once evaporation
restores radiation domination, while efficiently sourcing
tensor modes.
The predicted amplitude is highly sensitive to the

duration of reheating. The studies cited above [27–40]
assumed a monochromatic PBH population, for which
evaporation is nearly instantaneous and the poltergeist
enhancement is maximized. However, PBHs formed from
the collapse of superhorizon overdensities [41–44] do not

have identical masses. Critical collapse implies a universal
low-mass tail in the PBH mass function [45–48], indepen-
dent of the detailed shape of the primordial curvature power
spectrum. Earlier works already showed that broadening
the mass distribution reduces the poltergeist amplitude [27].
Here we emphasize that a nonzero width is unavoidable
critical collapse in general relativity alone enforces a
universal low-mass tail, and thereby sets an upper envelope
on the resulting GW signal.
Besides the poltergeist signal generated at reheating, the

total SIGW spectrum also receives contributions from PBH
formation, from the preceding radiation era, and from the
PBH-dominated era itself. These additional channels
become important once the Poltergeist enhancement is
suppressed. The total spectrum then becomes comparable
to that of a generic early matter–dominated era, rather than
parametrically larger. As a result, both the reach of future
GW experiments and the BBN bound are relaxed.
In this Letter, we present and summarize the main

results, while detailed derivations are deferred to [49].
Irreducible PBH mass spread—We consider PBHs

formed during radiation domination from overdensities that
collapse when they re-enter the Hubble horizon (for reviews
see Refs. [44,50]). Close to the threshold, numerical sim-
ulations, solely relying on general relativity and spherical
symmetry, give the universal critical scaling law [45–48]

Choptuik’s law∶ MPBH ¼ κMHðδm − δcÞγM ; ð1Þ

where MH is the horizon mass, δc is the collapse threshold,
κ ¼ Oð1Þ, and γM ≃ 0.36 for radiation domination
[45,46,51,52]. Since δm is continuous, Eq. (1) maps even
a sharply peaked primordial spectrum into an extended PBH
mass function [53].
Press-Schechter and peak-theory computations make this

statement explicit [51,54–59]. We define the normalized
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PBH mass function in terms of the energy density fraction at
formation βf as

ψfðMÞ≡ 1

βf

dβf
d lnM

;
Z

d lnMψfðMÞ ¼ 1: ð2Þ

Critical scaling maps the probability distribution of the linear
density contrast at horizon crossing into ψf. For both Press-
Schechter and peak theory this gives

ψfðMÞ ∝ ðM=MHÞ1þ1=γMPH½δmðMÞ�; ð3Þ
with δmðMÞ obtained from Eq. (1). The quantity PH denotes
the probability distribution of the smoothed density contrast
at horizon crossing. Press-Schechter and peak theory differ
only in how this distribution is computed. The prefactor in
Eq. (3) is instead the common Jacobian from δm to M and
fixes the universal low-mass tail,

ψfðMÞ ∝ M1þ1=γM ≃M3.78: ð4Þ
The high-mass tail depends on the statistics, amplitude, and
shape of the primordial perturbations. For example, it is
often parametrized as ψf ∝ M1þ1=γM exp½−c1ðM=hMiÞc2 �,
with c1 and c2 model dependent [49]. To remain agnostic,
and to obtain the largest possible GW signal, we discard this
tail and use the sharpest distribution compatible with Eq. (4),

ψ sharp
f ðMÞ ¼ 1þ γM

γM

�
M
Mcut

�
1þ1=γM

ΘðMcut −MÞ: ð5Þ

The mean mass is then hMi ¼ ð1þ γMÞMcut=ð1þ 2γMÞ.
Any smoother ultraviolet tail prolongs evaporation and
further suppresses the GW signal. The mass function in
Eq. (5) should therefore be understood as a conservative
upper limit on the linear SIGW amplitude.
PBH reheating—On scales larger than their mean

separation, PBHs are described as a pressureless fluid with
an additional evaporation term. For a single PBH,

MðtÞ ¼ Mf

�
1 −

t
teva

�
1=3

; teva ¼
M3

f

3AM4
pl

; ð6Þ

where A ¼ ðπG=480ÞgH⋆ includes graybody factors and
the number of emitted degrees of freedom [60–62]. If the
initial fraction βf exceeds a critical value βc, PBHs domi-
nate before they evaporate. For an extended mass function,
all background quantities are averaged over ψf, yielding
the homogeneous evolution

hρ̇PBHi þ 3HhρPBHi ¼ −hΓρPBHi; ð7Þ

hρ̇ri þ 4Hhρri ¼ hΓρPBHi: ð8Þ

Thus the decay rate is not the rate of a single PBH but the
convolution of Eq. (6) with ψf. Different masses disappear

at different times, smoothening the matter-to-radiation
transition. The relevant comoving scales are the evapora-
tion scale keva ¼ aevaHeva, the equality scale keq ¼ aeqHeq

at the onset of PBH domination, and the discreteness scale
kPBH set by the mean inter-PBH separation. These scales
determine which modes enter during the first radiation era,
during PBH domination, or after evaporation.
This smoothing is most transparently seen in the

Newtonian potential, sourced by two scalar seeds: the
adiabatic mode Φ inherited from inflation, and the PBH
isocurvature seed

S≡ δPBH −
3

4
δrad; ð9Þ

which measures the local imbalance between PBH and
radiation densities. Being discrete objects, PBHs carry
unavoidable Poisson fluctuations on top of the smooth
radiation background. The potential released at the onset of
the final radiation era reads

ΦoscðkÞ ¼
�
TðeMDÞ
Φ ðkÞΦðk; 0Þ þ TðeMDÞ

S ðkÞSðk; 0Þ
�
SΦðkÞ;

ð10Þ

where TðeMDÞ
X ðkÞ, with X∈ fΦ; Sg, is the transfer function

propagating each seed through the radiation-to-matter
transition and freezing subhorizon modes during PBH
domination, while SΦ captures the decay of the potential
during evaporation. Both approach constants on large scales
but suppress modes that entered deep in the first radiation
era. A monochromatic mass function gives the standard
scaling SΦ ∝ k−1=3 [27,29], whereas Eq. (5) ends evapo-
ration in a universal cusp where the remaining PBH fraction
scales as ðηcut − ηÞ4=3. A mode of wave number k resumes
oscillating once the Hubble rate drops below k, a conformal
interval ηcut − ηosc ∝ k−1 before the cusp, giving

SΦðkÞ ≃ κ0

�
keva
k

�
4=3

; κ0 ≃ 2.3; ð11Þ

for γM ≃ 0.36. Since ΩGW ∝ S4
Φ, the change from k−1=3

to k−4=3 suppresses the poltergeist contribution by orders
of magnitude as shown in Fig. 1 for a mode that enters the
horizon shortly before eMD.
Scalar-induced gravitational waves—The relevant

sequence of epochs is (see Fig. 1)

formation ⟶ RD1 ⟶ eMD ⟶ RD2: ð12Þ
We label by RD1 and RD2 the radiation eras before PBH
domination and after Hawking reheating. Both are radiation
dominated but their scalar sources differ. RD1 contains the
adiabatic radiation mode and the Poisson isocurvature of
the PBH gas, while the intervening eMD phase freezes the
Newtonian potential before Hawking evaporation restores
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the radiation fluid in RD2. We decompose the present
SIGW signal by emission epoch (superscript) and scalar
source X,

ΩGW ≃ΩðformÞ
GW ½Φ�

þ
X
X¼Φ;S

�
ΩðRD1Þ

GW ½X� þΩðeMDÞ
GW ½X� þΩðRD2Þ

GW ½X�
�
:

ð13Þ
The last term contains the poltergeist background, but
Eq. (13) shows that it is only one component of the total
PBH signal. The adiabatic seed follows the usual nearly scale-
invariant spectrum,PΦ ≃ ð2=3Þ2Asðk=kCMBÞns−1 [63], while
the PBH-isocurvature seed arises from number-density fluc-
tuations of the discrete PBH gas. At formation, PS;fðkÞ ¼
2=ð3πÞðk=kPBHÞ3ΘðkPBH − kÞ, with a cutoff at the scale set
by the mean comoving PBH separation [28,29,64–66].
All these terms are computed from the standard second-

order tensor equation. In terms of the tensor power
spectrum, the GW density after oscillation averaging is

ΩGWðk; ηÞ ¼
1

12

�
k
H

�
2

Phðk; ηÞ; ð14Þ

where Ph is obtained by convolving two scalar transfer
functions with the tensor Green’s function during radiation
and matter eras. We neglect mixed terms between sta-
tistically independent sources and between widely sepa-
rated production epochs. Constructive interference can
enhance the total signal by at most a factor of 2. The
RD2 contribution splits into an irreducible radiation-era
background for modes entering after evaporation, and the
poltergeist component for modes already inside the hori-
zon. The latter has the standard radiation-era kernel, but

with each scalar leg multiplied by TðeMDÞ
X SΦ. Schematically,

ΩðRD2;Polt:Þ
GW ½X�

∝
�

k
keva

�
8
Z

du dvKðu; vÞI2
oscðu; vÞ

× S2
ΦðukÞS2

ΦðvkÞT2
XðukÞT2

XðvkÞPXðukÞPXðvkÞ; ð15Þ

where X ¼ fΦ; Sg denotes adiabatic and isocurvature
initial conditions, K denotes the ΦΦ ⟶ h kinematic

scattering kernel [29,67], and I2
oscðu; vÞ denotes the oscil-

lation averaged GW kernel. The explicit factor ðk=kevaÞ8 is
the origin of the large poltergeist enhancement for mono-
chromatic PBHs. The integral over u and v is dominated by
the resonance occurring when the two scalar mode frequen-
cies uk=

ffiffiffi
3

p
and vk=

ffiffiffi
3

p
together match the tensor fre-

quency k. Along the resonant contribution of the kernel the
averaged time integral contributes a factor keva=k. Thus,
using SΦ ∝ ðk=kevaÞ−4=3 from Eq. (11), one obtains

�
k

keva

�
8
�
keva
k

�
½SΦðkÞ�4 ∝

�
k

keva

�
5=3

: ð16Þ

The resonant poltergeist contribution therefore scales as

ΩðRD2;Polt:Þ
GW ½X� ∝ P2

XðkÞ
�

k
keva

�
5=3h

TðeMDÞ
X ðkÞ

i
4 ð17Þ

and yield for X ¼ fΦ; Sg

ΩðRD2;Polt:Þ
GW ½Φ� ≃A2

R

�
k

keva

�5
3 7.7 × 10−3h
1þ 0.24ðk=keqÞ0.8

i
9
; ð18Þ

ΩðRD2;Polt:Þ
GW ½S� ≃

�
k

kPBH

�
6
�

k
keva

�5
3 1.5 × 10−6h
1þ 0.38ðk=keqÞ

i
8
;

ð19Þ

where we assume scalar spectral index ns ≃ 1 in Eq. (18).
For a monochromatic mass function one would instead
have SΦ ∝ ðk=kevaÞ−1=3, giving the much steeper scaling
ðk=kevaÞ17=3. This replacement is the parametric reason why
the Choptuik mass spread removes the dominance of the
poltergeist peak. The isocurvature term follows the same
counting, but its Poisson spectrum weights it more strongly
toward the largest available scalar momenta.
Besides the reheating contribution, the PBH cosmology

contains several additional SIGW channels [49], described
as follows.
eMD contribution: Before evaporation, the PBH gas

drives an early matter–dominated era. During this phase the
Newtonian potential is approximately constant on subhor-
izon scales [24,26], so the tensor source remains active for
an extended time. In a pure matter era this gives the familiar
growth of the induced GW signal with the scale factor

FIG. 1. Evolution of ΩPBH (blue), Ωr (purple), and the New-
tonian potential (orange) during PBH domination. The transitions
are described by T and the evaporation suppression factor SΦ.
Faded curves assume a monochromatic PBH mass distribution;
solid curves include Choptuik broadening.
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ΩGW ∝ a. Modes entering well before equality are sup-
pressed. The eMD signal therefore peaks near keq ≡Heq,
the comoving Hubble horizon when PBHs start dominating
the Universe. We find that the eMD contribution is of
similar magnitude as the poltergeist component with the
Choptuik mass function:

ΩðeMDÞ
GW ½X� ≃ CXP2

XðkUVÞ
kUVk
H2

0.02x2eva
1þ 0.01x10=3eva

; ð20Þ

with CΦ;S ¼ ð81=125; 16=70875Þ and xeva ≡ 2k=keva. The
adiabatic and isocurvature components have been studied
in [24,68–71] and [72], respectively. The latter also studies
an extended mass distribution but obtain a much larger
signal.
Universal RD1 isocurvature contribution: Even if the

primordial curvature spectrum is featureless on the relevant
scales, the discreteness of the PBH population generates
Poisson fluctuations. These act as an isocurvature source
and produce a universal SIGW background during the first
radiation era [36,39,73–75]. This channel follows only
from treating PBHs as localized objects with finite number
density, and is therefore less model dependent than the
formation signal. Since it is produced before PBH domi-
nation and evaporation, its present-day amplitude is diluted
by the entropy release,

ΩðRD1Þ
GW ½S� ≃ 10−3ðkeq=kPBHÞ4

D4=3 : ð21Þ

Here D denotes the entropy dilution induced by PBH
evaporation,

D≡ SðTevaÞ
SðT−

evaÞ
≃
βf
βc

≃ exp

�
3

4
NMD

�
; ð22Þ

where SðTÞ is the comoving entropy and T−
eva denotes the

temperature immediately before evaporation. In the absence
of PBH domination, no entropy is injected and D ¼ 1.
Irreducible adiabatic radiation-era contribution: Adiabatic

curvature perturbations also source SIGW during the stan-
dard radiation era, which in our case are RD1 and RD2

[20,21,24]. The part generated before PBH domination is
diluted by the subsequent entropy injection, while the part
generated after evaporation is not:

ΩðRD1Þ
GW ½Φ� ≃Φ4

CMB

D4=3 ; ΩðRD2Þ
GW ½Φ� ≃Φ4

CMB: ð23Þ

These irreducible components are controlled by the small
CMB normalized scalar amplitude Φ2

CMB ∼ 10−9 and there-
fore remain far below the eMD and reheating signals, but
they provide a lower bound on the GW background.
Formation contribution: The enhanced curvature pertur-

bations Φ2
PBH ∼ 10−2 that produce the PBHs source an

additional SIGW background when they re-enter the
horizon [22,76]. Since it is generated deep in RD1, it is
also diluted by the later eMD epoch,

ΩðformÞ
GW ½Φ� ≃D−4=3Φ4

PBH: ð24Þ

The SIGW integrals require an ultraviolet prescription for
the largest scalar momenta included in the source. We
denote this scale by kUV. We distinguish two relevant
choices: (i) nonlinear cutoff. Our fiducial choice is the
scale kNL at which the PBH density contrast becomes
order unity by the end of eMD. For adiabatic and Poisson-
isocurvature seeds,

kadiaNL ≃ 235 keva

�
keva
kCMB

�ð1−nsÞ=4
;

kisoNL ≃
�
675π

8

�
1=7

k4=7evak
3=7
PBH; ð25Þ

FIG. 2. Channel decomposition of the scalar-induced GW signal
from PBH reheating. We show the contributions generated at PBH
formation, during the first radiation era, during PBH domination,
and at reheating, for MPBH ¼ 104; g and βf ¼ 6 × 10−7. The
spectra are cut off at the PBH interdistance scale, kUV ¼ kPBH, and
should therefore be interpreted as optimistic upper envelopes.
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up to order-one transfer-function factors. We therefore take
kUV ¼ kNL as the conservative perturbative cutoff. (ii) Fluid
cutoff. The formal upper limit is the inverse PBH separa-
tion, kPBH. At this scale the coarse-grained fluid description
of the PBH gas breaks down. Integrating to kPBH yields
therefore an upper limit.
We therefore use kUV ¼ kNL as our fiducial cutoff. Results

with kUV ¼ kPBH should instead be read as an extrapolation
to the smallest scale on which the PBH gas can still be coarse
grained. Once modes become nonlinear, additional GW
production from halo formation may occur [71], which goes
beyond the linear SIGW calculation used here.
Figure 2 shows the resulting SIGW spectrum as a sum of

physically distinct sources for the most aggressive cut-off
kUV ¼ kPBH. The Choptuik scaling smoothens the reheat-
ing epoch and suppresses the poltergeist peak. The reheat-
ing signal then becomes comparable to the contribution
accumulated during eMD, while the RD1 term provides a
smaller irreducible component. In this respect, apart from
the PBH formation component, the SIGW spectrum
resembles that of a generic eMD era sourced by an unstable
heavy particle with a constant decay rate.
Parameter space—We scan the plane ðhMPBHi; βfÞ.

PBH domination requires βf > βc, while BBN requires
sufficiently early evaporation, i.e.,MPBH ≲ 109 g. The GW
background is redshifted to today as

ΩGW;0h2 ≃ 0.39

�
g⋆ðTevaÞ
106.75

�
−1=3

Ωr;0h2ΩGWðTevaÞ; ð26Þ

and contributes to extra radiationΔNeff . Figure 3 shows the
probing potential of ultralight PBHs including all SIGW
components. For a monochromatic mass function, the
signal, dominated by the poltergeist component, can violate
ΔNeff < 0.34. Instead, with the Choptuik infrared tail of
the PBH mass distribution, the BBN bound and the reach
by GWobservatories [77–89] are entirely relaxed even with
the most aggressive cutoff kUV ¼ kPBH.
Hawking gravitons and GWs from PBH mergers peak at

much higher frequencies and give subdominant contribu-
tions to ΔNeff [32,62,90,91]. A detailed analysis of these
signals will be presented in a companion article [92]. For
reference, in Fig. 3 we also display in purple the merger
contour Fmerged > 1, which is estimated by comparing teva
in Eq. (6) with the maximal inspiral time given by Peters
formulas [93]. Above it, repeated mergers modify the
PBH mass function before evaporation, delaying evapora-
tion and strengthening the BBN bound in green [94] (see
also Ref. [95]).
Conclusions—The large poltergeist background pre-

dicted for a monochromatic PBH population [27–40] is
not a generic prediction of PBH reheating. Critical collapse
enforces a universal infrared tail in the PBH mass function.

FIG. 3. Exclusion and sensitivity contours in the ðMPBH; βfÞ plane of the ultralight PBH parameter space. We compare a
monochromatic PBH gas (dotted) with one having the Choptuik infrared tail in the mass function (dashed), as predicted by gravitational
collapse in general relativity. In the Choptuik case, the smoother reheating transition suppresses the poltergeist SIGW signal and, in
consequence, relaxes the BBN bound on ΔNeff (red) and the GW interferometer reach (blue), reopening regions of the parameter space
that were either excluded or reachable in the monochromatic analysis. Sensitivity curves correspond to the most optimistic combination
of planned GW interferometers (SKA, Theia, μ Ares, LISA, AEDGE, BBO, DECIGO, ET, and CE), assuming total astrophysical
foreground subtraction. The figure adopts the optimistic cutoff, kUV ¼ kPBH, while for the conservative one, kUV ¼ kNL, the
interferometer prospects and ΔNeff constraints vanish.
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Even the narrowest distribution consistent with this scaling
changes the evaporation suppression factor from SΦ ∝
k−1=3 to SΦ ∝ k−4=3, suppressing the reheating SIGW
signal by orders of magnitude. Within numerical uncer-
tainty or for other equations of state, varying γM shifts only
the order-one prefactor of SΦ and preserves its strong high-
k suppression [49]. The infrared scaling law in Eq. (4) holds
in any scenario where PBHs form from the gravitational
collapse of a statistical distribution of curvature peaks, and
our conclusions therefore apply to a broad class of PBH
formation mechanisms.
Consequently, future GW experiments are unlikely to

probe ultralight PBH reheating through GWs, and the BBN
bound from GW overproduction is substantially relaxed,
reopening the parameter space for PBH-dominated
cosmologies.
Our treatment is conservative in two respects. First, the

sharp cutoff in Eq. (5) minimizes the smoothing of the
reheating transition allowed by Choptuik’s critical scaling
[Eq. (1)]. Realistic high-mass tails would only further
suppress the signal. Second, Fig. 3 assumes the aggressive
cutoff kPBH. Our claims become even stronger when the
more conservative cutoff kNL is used.

Note added—Shortly after this work appeared on the
arXiv, Ref. [96] independently reported the same scaling
as Eq. (11).
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