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How does BBN constrain PBHs?
PBH DM constraints 25
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FIG. 10. Constraints on f(M) from evaporation (red), lensing (magenta), dynamical e↵ects (green), accretion (light blue),
CMB distortions (orange), large-scale structure (dark blue) and background e↵ects (grey). Evaporation limits come from the
extragalactic gamma-ray background (EGB), the Galactic gamma-ray background (GGB) and Voyager e± limits (V). Lensing
e↵ects come from femtolensing (F) and picolensing (P) of gamma-ray bursts, microlensing of stars in M31 by Subaru (HSC),
in the Magellanic Clouds by MACHO (M) and EROS (E), in the local neighbourhood by Kepler (K), in the Galactic bulge by
OGLE (O) and the Icarus event in a cluster of galaxies (I), microlensing of supernova (SN) and quasars (Q), and millilensing
of compact radio sources (RS). Dynamical limits come from disruption of wide binaries (WB) and globular clusters (GC),
heating of stars in the Galactic disk (DH), survival of star clusters in Eridanus II (Eri) and Segue 1 (S1), infalling of halo
objects due to dynamical friction (DF), tidal disruption of galaxies (G), and the CMB dipole (CMB). Accretion limits come
from X-ray and radio (X/R) observations, CMB anisotropies measured by Planck (PA) and gravitational waves from binary
coalescences (GW). Background constraints come from CMB spectral distortion (µ), 2nd order gravitational waves (GW2) and
the neutron-to-proton ratio (n/p). The incredulity limit (IL) corresponds to one hole per Hubbble volume. Constraints shown
by broken lines are insecure and probably wrong but included for historical completeness; those shown by a dotted line depend
upon some additional assumptions.

A. Evaporation Constraints

For PBHs somewhat larger than M⇤ , one can use the �-ray background to constrain the value of f(M) , this being
equivalent to the constraint on �(M) derived in Sec. II C 1. For M > 2M⇤ , one can neglect the change of mass
altogether and the time-integrated spectrum dN�/dE of photons from each PBH is just obtained by multiplying the
instantaneous spectrum dṄ�/dE by the age of the Universe t0 . For PBHs of mass M , the discussion in the appendix
of Ref. [101] gives

dN�

dE
/

(
E3 M3 (E < M�1)

E2 M2 e�EM (E > M�1) ,
(56)
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How does BBN constrain PBHs?
PBH evaporation constraints
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where we put ~ = c = G = 1. This peaks at E ⇠ M�1 with a value independent of M . The number of background
photons per unit energy per unit volume from all the PBHs is obtained by integrating over the mass function:

E(E) =

Z
Mmax

Mmin

dM
dn

dM

dN�

dE
(M,E) , (57)

where Mmin and Mmax specify the mass limits. For a monochromatic mass function, this gives

E(E) / f(M)⇥

(
E3 M2 (E < M�1)

E2 M e�EM (E > M�1)
(58)

and the associated intensity is

I(E) ⌘
E E(E)

4⇡
/ f(M)⇥

(
E4 M2 (E < M�1)

E3 M e�EM (E > M�1)
(59)

with units s�1 sr�1 cm�2 . This peaks at E ⇠ M�1 with a value Imax(M) / f(M)M�2 . The observed extragalactic
intensity is Iobs / E�(1+✏)

/ M1+✏ where ✏ lies between 0.1 (the value favoured in Ref. [141]) and 0.4 (the value
favoured in Ref. [215]). Hence putting Imax(M)  Iobs(M) gives [101]

f(M) . 2⇥ 10�8

✓
M

M⇤

◆3+✏

(M > M⇤ = 5⇥ 1014g) . (60)

As expected, this is equivalent to condition (31), which is represented in Fig. 7 for ✏ = 0.2. We have seen that the
Galactic �-ray background may give a stronger limit but this depends sensitively on the form of the mass function.

PBHs smaller than 1015 g have evaporated completely and therefore cannot contribute to the dark matter. The
function f(M) is not defined in this range, so the abundance is usually described in terms of the collapse fraction at
formation, �(M) , as shown in Fig. 4. Nevertheless, one can still formally relate �(M) to f(M) using Eq. (55). The
dominant constraints in Fig. 4 are therefore represented in Fig. 11, including the VOYAGER-I limits [143].
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FIG. 11. Evaporative constraints on PBHs based on Fig. 4 and Eq. (55).

B. Lensing Constraints

The lensing constraints on f(M) are summarised in Fig 12. These derive from a large number of papers and they
come with di↵erent confidence levels. Where possible, we use the 95% CL constraint. Also one must distinguish
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How does BBN constrain PBHs?

• PBHs produced via collapse of large density fluctuations, mass roughly comparable 
to energy enclosed within Hubble horizon at formation 

 

• Hawking radiation leads to mass loss 

 

•  

•  

•  counts d.o.f.s below  weighted by 1.82, 1.0, 0.41, or 0.05 for spin 0, 1/2, 
1, or 2 (Schwarzschild BH) 

• In principle includes all particle species, depending only on mass and spin 

• SM at : 

Mhor = M2
Pl /(2H) ≃ 1010 g × (1011 GeV/T )2 (106.75/g⋆(T ))1/2

dM
dt

= −
𝒢g⋆,H(TBH)M4

Pl

30720πM2
≃ − 8.2 × 106 g/s × (g⋆,H(TBH)/108) (1010 g/M)2

𝒢 ≈ 3.8

TBH = M2
Pl /(8πM) ≃ 1.05 TeV × (1010 g/M)

g⋆,H ∼ TBH

TBH ≫ 100 GeV (M ≪ 1011 g) g⋆,H = 108
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How does BBN constrain PBHs?

• Evaporation time 

 

• Hawking radiation leads to production of SM particles 

• If this production happens during BBN this can influence the primordial light element 
abundances 

• BBN gives most stringent constraints for  corresponding to 

 assuming only SM particle content 

• Focus on deuterium and helium-4 abundances

tevap =
30720π
𝒢M4

Pl ∫
Mi

0

dMM2

g⋆,H(TBH)
≈ 4.0 × 1012 s × (Mi /1010 g)3 (108/⟨g⋆,H⟩)

tevap ∼ (10−1 − 1013) s
M ∼ (6 × 108 − 2 × 1013) g
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How does BBN constrain PBHs?

• Consider impact of PBH evaporation on BBN in four different ways: 

• Presence of PBHs at neutron-proton conversion freeze-out ( ) leads to 
earlier freeze-out (Hubble rate larger), more neutrons and thus more helium 

• Hadrons and mesons radiated from PBHs can alter neutron-proton ratio after 
conversion freeze-out via e.g. , enhances ratio and helium 
abundance 

• Photodisintegration of helium via high energetic photons (decreases helium and 
increases deuterium abundance), only possible if background temperature is too 
low to absorb disintegrating photon via  pair production,  

• For  disintegration of helium via hadrodisintegration

T ∼ 1 MeV

n + π+ ↔ p + π0

e+e− T ≲ 0.4 keV

T ≳ 0.4 keV
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Recasting BBN constraints on LLPs for PBHs

• Assume only SM + PBHs 

• Recast limits on long-lived particle decays from Kawasaki et al. [arXiv:1709.01211] 

• Constraints in terms of decaying particle mass times number of particles per unit 
entropy  

• Related to ratio of PBH energy density and SM density via 
 

• Idea: relate spectra of decay products from PBH evaporation to that of LLP decays

MY

β = ρBH/ρ = 4MY/(3Tform)
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Recasting BBN constraints on LLPs for PBHs

• 73% of total energy goes into quarks and gluons, 94.5% in particles other than 
neutrinos  reduce decay rate by corresponding factor (hadro- or 
photodisintegration) 

• Injected energy sets constraint from photodisintegration: 

• Over course of evaportation mean energy of radiated fermion  
(  for LLP decay) as Hawking radiation produces approximately thermal 
spectrum of particles  Approximate spectrum with the one from LLP with 

 

• Shift LPP lifetime by factor of 0.79 to match time of mean unit of energy release 

• Number of injected energetic hadrons sets constraint from hadrodisintegration: 

• Average hadron is produced by quark with energy   
Approximate spectrum with the one from LLP with  

• Shift LLP lifetime by 1.03 to match median hadron injection

⇒

⟨Eq⟩ ≃ 6.3TBH,i

mX /2
⇒

mX = 12.6TBH,i

⟨Eq⟩ ≃ 3.7TBH,i ⇒
mX = 7.4TBH,i
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Recasting BBN constraints on LLPs for PBHs
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FIG. 1. Left Frame: The spectrum of particles radiated from a black hole with an initial mass of 1010 grams. We show the
initial spectrum (when M = 1010 g), the spectrum integrated over the lifetime of the black hole, and the integrated spectrum
weighted by an additional factor of E�0.7 (as appropriate for considering the production of hadrons). Right frame: The time
profile for energy injection from particle decay or black hole evaporation, for the case of a lifetime or evaporation time of 105

seconds. In the case of black hole evaporation, we show profiles corresponding to the total injected energy and to the number
of injected hadrons.

where Mi (Ti) is the initial mass (temperature) of the black hole, dN/dM / T
�1

BH
is the number of particles radiated

per unit mass loss, and we have made use of the fact that the average energy of a relativistic fermion in a thermal
distribution is approximately 3.15 times the temperature of that distribution. Based on this result, we approximate
the spectrum of the emission from an evaporating black hole with that from the (two-body) decays of a particle with
a mass equal to mX ' 12.6 Ti. In the left frame of Fig. 1, we plot the spectrum of Hawking radiation injected from
a black hole with an initial mass of Mi = 1010 g, both at that moment, and as integrated over the course of its
evaporation.

The prescription described in the previous paragraph is appropriate for cases in which the destruction of helium
nuclei is dominated by photodissociation (the total quantity of injected electromagnetic energy sets the rate of pho-
todissociation). During the hadrodissociation era (T >⇠ 0.4 keV), however, the number of helium nuclei that are
broken up instead scales with the number of energetic hadrons that are injected into the early universe. The average
number of hadrons that are produced in the jet from a given quark is roughly proportional to E

0.3

q
, and thus the

average number of hadrons produced per unit energy is approximately proportional to E
�0.7

q
[60]. Due to this scaling,

as a black hole loses mass and radiates increasingly high-energy particles, a smaller fraction of the radiated energy
takes the form of hadrons. Over the course of a black hole’s evaporation, the average hadron is produced by a quark
of energy hEqi ' 3.7 Ti. Thus in the hadrodissociation era, the spectrum of the emission from an evaporating black
hole can be approximately related to that from a (two-body) decaying particle with a mass of mX ' 7.4 Ti. This is
illustrated by the fact that purple dashed curve in the left frame of Fig. 1 peaks at a lower energy than the solid black
curve, by a factor of 7.4/12.6 ⇡ 0.6.

A third way in which long-lived particles behave di↵erently from evaporating black holes is in the rates at which
they inject energetic particles into the early universe. Unlike a population of decaying particles, the evaporation
rate of a black hole increases as it loses mass. In the right frame of Fig. 1, we compare the time profiles for these
emission mechanisms. Well before the particle’s lifetime or black hole’s evaporation time, the shape of these time
profiles are nearly identical. During the final stages of evaporation and decay, however, they are quite di↵erent. In the
photodissociation regime, in our translation of the constraints on decaying particles to the case of evaporating black
holes, we shift the decaying particle’s lifetime by a factor of 0.79 in order to match the time at which the mean unit of
energy was injected into the early universe. In the hadrodissociation era, we instead adjust the lifetime such that the
median hadron is injected at the same time. For decaying particles, this occurs at a time, tmed = ln 2 ⇥ ⌧X = 0.69 ⌧X ,
while for an evaporating black hole, tmed ' 0.71 tevap. This case, therefore, requires only a small correction factor to
translate between the two timescales.

In Fig. 2, we plot the constraints on long-lived particles from Ref. [60], for the case of X ! qq̄, for several values of
mX . These constraints are shown in terms of the quantities used by Kawasaki et al. (right frame), as well as those
used by Carr et al. (left frame). Also shown as a solid black curve in each frame is our constraint on evaporating
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Recasting BBN constraints on LLPs for PBHs
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FIG. 1. Left Frame: The spectrum of particles radiated from a black hole with an initial mass of 1010 grams. We show the
initial spectrum (when M = 1010 g), the spectrum integrated over the lifetime of the black hole, and the integrated spectrum
weighted by an additional factor of E�0.7 (as appropriate for considering the production of hadrons). Right frame: The time
profile for energy injection from particle decay or black hole evaporation, for the case of a lifetime or evaporation time of 105

seconds. In the case of black hole evaporation, we show profiles corresponding to the total injected energy and to the number
of injected hadrons.

where Mi (Ti) is the initial mass (temperature) of the black hole, dN/dM / T
�1

BH
is the number of particles radiated

per unit mass loss, and we have made use of the fact that the average energy of a relativistic fermion in a thermal
distribution is approximately 3.15 times the temperature of that distribution. Based on this result, we approximate
the spectrum of the emission from an evaporating black hole with that from the (two-body) decays of a particle with
a mass equal to mX ' 12.6 Ti. In the left frame of Fig. 1, we plot the spectrum of Hawking radiation injected from
a black hole with an initial mass of Mi = 1010 g, both at that moment, and as integrated over the course of its
evaporation.

The prescription described in the previous paragraph is appropriate for cases in which the destruction of helium
nuclei is dominated by photodissociation (the total quantity of injected electromagnetic energy sets the rate of pho-
todissociation). During the hadrodissociation era (T >⇠ 0.4 keV), however, the number of helium nuclei that are
broken up instead scales with the number of energetic hadrons that are injected into the early universe. The average
number of hadrons that are produced in the jet from a given quark is roughly proportional to E

0.3

q
, and thus the

average number of hadrons produced per unit energy is approximately proportional to E
�0.7

q
[60]. Due to this scaling,

as a black hole loses mass and radiates increasingly high-energy particles, a smaller fraction of the radiated energy
takes the form of hadrons. Over the course of a black hole’s evaporation, the average hadron is produced by a quark
of energy hEqi ' 3.7 Ti. Thus in the hadrodissociation era, the spectrum of the emission from an evaporating black
hole can be approximately related to that from a (two-body) decaying particle with a mass of mX ' 7.4 Ti. This is
illustrated by the fact that purple dashed curve in the left frame of Fig. 1 peaks at a lower energy than the solid black
curve, by a factor of 7.4/12.6 ⇡ 0.6.

A third way in which long-lived particles behave di↵erently from evaporating black holes is in the rates at which
they inject energetic particles into the early universe. Unlike a population of decaying particles, the evaporation
rate of a black hole increases as it loses mass. In the right frame of Fig. 1, we compare the time profiles for these
emission mechanisms. Well before the particle’s lifetime or black hole’s evaporation time, the shape of these time
profiles are nearly identical. During the final stages of evaporation and decay, however, they are quite di↵erent. In the
photodissociation regime, in our translation of the constraints on decaying particles to the case of evaporating black
holes, we shift the decaying particle’s lifetime by a factor of 0.79 in order to match the time at which the mean unit of
energy was injected into the early universe. In the hadrodissociation era, we instead adjust the lifetime such that the
median hadron is injected at the same time. For decaying particles, this occurs at a time, tmed = ln 2 ⇥ ⌧X = 0.69 ⌧X ,
while for an evaporating black hole, tmed ' 0.71 tevap. This case, therefore, requires only a small correction factor to
translate between the two timescales.

In Fig. 2, we plot the constraints on long-lived particles from Ref. [60], for the case of X ! qq̄, for several values of
mX . These constraints are shown in terms of the quantities used by Kawasaki et al. (right frame), as well as those
used by Carr et al. (left frame). Also shown as a solid black curve in each frame is our constraint on evaporating
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Recasting BBN constraints on LLPs for PBHs
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FIG. 3. Constraints on primordial black holes, assuming that they evaporate entirely into Standard Model particles. Again,
we have presented these constraints both in terms of MY , as used by Kawasaki et al., (right frame) and in terms of �0, as
used by Carr et al. (left frame). For rapidly evaporating black holes (tevap <⇠ 80 s), the constraints are dominated by the
measured primordial helium fraction, Yp, while for longer evaporation times the primordial deuterium abundance provides the
most stringent constraint. In each frame, we also plot contours of constant ⌦BH, defined as the value of ⇢BH/⇢crit that would be
the case today if the black holes had not evaporated. The green regions in the upper-right regions of each frame are excluded
by measurements of the CMB (via spectral distortions).

this process, depend on the complete spectrum of particles that exist, including all such species beyond the limits of
the Standard Model (for previous literature that has explored such possibilities, see Refs. [24–26, 34, 92–97]).

The existence of physics beyond the Standard Model can impact the constraints presented in this paper in three
ways. First, additional particle species have the e↵ect of increasing the rate at which black holes evaporate, shifting
(and typically weakening) the resulting limits. Second, any particle species without appreciable couplings to the
Standard Model will only impact the light element abundances through their influence on the expansion history of
the universe. In scenarios that include large numbers of decoupled degrees-of-freedom, the fraction of a black hole’s
mass that goes into particles that can break up helium and produce deuterium can be significantly reduced, while
instead producing substantial abundances of dark matter and/or dark radiation [24–26, 34, 93, 94, 96, 98]. Third,
the presence of black holes and their decoupled evaporation products can impact the expansion history of the early
universe, altering the light element abundances that emerge from this era without directly disrupting any nuclei. In
the remainder of this section, we will explore several classes of scenarios beyond the Standard Model and discuss their
impact on the resulting constraints on primordial black holes.

A wide range of well-motivated scenarios have been proposed in which the degrees-of-freedom associated with the
Standard Model constitute only a small fraction of the particle spectrum of the universe. In particular, self-consistent
string compactifications have been shown to generically predict the existence of large numbers of feebly interacting
states, including gauge bosons, axion-like particles, and other forms of exotic matter [99–112]. Frameworks featuring
extremely large numbers of massive degrees-of-freedom have also been considered within the context of possible
solutions to the electroweak hierarchy problem [113–115].

Given the gravitational nature of Hawking radiation, black holes are expected to radiate all particle species with
masses below ⇠ TBH, regardless of their charges or couplings. Thus in scenarios with expansive particle content, black
holes could potentially radiate mostly or almost entirely to hidden sector states, which could act as a combination
of dark matter and dark radiation [24–26, 34, 93, 94, 96, 98]. If feebly interacting, such particles would not directly
disrupt nuclei during or after BBN, but could still impact the resulting light element abundances through their impact
on the universe’s expansion rate during this era.

To constrain a black hole population that evaporates dominantly to hidden sector particles, we calculate the
combined energy density of the black holes and their evaporation products as a function of redshift, and then use
the publicly available program AlterBBN [62, 63] to calculate the resulting light element abundances. In doing so, we
follow the procedure described in Ref. [116], and use the deuterium-burning rates from Ref. [117] and other reaction
rates from Refs. [118–120]. These rates correspond to systematic uncertainties of 1.9% on (D/H)p and 0.13% on Yp,
approximately independent of the time evolution of the energy injection [116].

To calculate the evolution of the energy densities in black holes and their evaporation products, we solve the
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Going beyond the SM

• Why? 

• Mass loss due to Hawking radiation depends on (effective number of relativistic) 
d.o.f.s including entire particle spectrum  

• Solve system of differential equations 

•  

•  

•  

• BBN calculation with AlterBBN (no photo- or hadrodisintegration since evaporation 
mostly in hidden sector, )

dM/dt = − 𝒢g⋆,H(TBH)M4
Pl /(30720πM2)

dρBH

dt
= − 3HρBH +

ρBH

M
dM
dt

dρSM

dt
= − 3(wSM + 1)HρSM − (1 − fd)

ρBH

M
dM
dt

dρd

dt
= − 3(wd + 1)Hρd − fd

ρBH

M
dM
dt

fd ≈ 1
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Going beyond the SM
Light hidden sectors, , , , wd = 1/3 fd ≈ 1 tevap = 10 s ΩBH = 2.6 × 104

9

FIG. 4. The evolution of the energy densities in black holes, Standard Model radiation, matter (including both baryonic
and dark matter), and dark radiation, in a scenario in which the black holes evaporate almost entirely to dark radiation
(corresponding to wd = 1/3 and fd ' 1). We have adopted an evaporation time of tevap = 10 s and an initial black hole
abundance corresponding to ⌦BH = 2.6 ⇥ 104 (defined as the value that would be the case today if the black holes had not
evaporated). In this scenario, the final (t � tevap) energy density of dark radiation corresponds to �Ne↵ = 1.0.

(although the constraints derived from the CMB are approximately equally stringent for evaporation times up to
tevap ⇠ 1012 s [123]). Written in terms of �

0, the measured helium and deuterium abundances provide a constraint of
�
0 <⇠ (0.8�6.7)⇥10�16 ⇥ (g?,H/105)1/6 across this entire range of evaporation times considered here. Note that these

constraints are much less stringent than those presented in Fig. 3 (for the case of Standard Model particle content).
From this comparison, we conclude that the constraints based on dark radiation Hawking evaporation products will
be more stringent than those resulting from proton-neutron conversion or helium disruption only if tevap <⇠ 0.1 s, or if
tevap <⇠ 102 s and the particle content of the dark sector is very large, corresponding to g?,H >⇠ 105 or greater.

B. Heavy Hidden Sectors

In this subsection, we will continue to study models which feature a large number of hidden sector states, focusing
on Hawking radiation in the form of hidden sector particles with non-negligible masses (which thus contribute to the
universe’s dark matter abundance). To this end, we follow the same procedure described earlier in this section, but
introduce TBH-dependent contributions to g?,H , accounting for the inability of a black hole to radiate particles that
are much more massive than its temperature.

In the high-temperature limit (TBH � m), the energy emitted from a black hole in the form of a given particle
species is equal to the mass loss rate in Eq. 2, for the appropriate choice of g?,H (for example, g?,H = 4 for a singlet
Dirac fermion). Furthermore, the average energy of the radiated particles in this limit is equal to hEi = 3.15 TBH for
the case of a fermion, and hEi = 2.70 TBH for a boson [121]. For lower values of TBH, the total energy and the total
number of particles radiated are each suppressed. This suppression can be quantified by the following expressions for
the total energy, and the total number of particles, radiated per unit time from a black hole in the form of particles
of mass, m:

F /
Z 1

m

(E2 � m
2)1/2

em/TBH ± 1
E

2
dE (14)

N /
Z 1

m

(E2 � m
2)1/2

em/TBH ± 1
EdE,

where the ± in the denominators apply to the case of fermions (+) and bosons (-), respectively.
In practice, increasing the mass of the radiated hidden sector particles has the e↵ect of delaying the ability of a

given black hole to produce significant quantities of that particle species. In Figs. 6 and 7, we plot the evolution
of the energy densities in Standard Model radiation, baryons, black holes, and dark matter, in a scenario in which
the black holes evaporate almost entirely to dark matter. More specifically, we adopt a total value of g?,H = 106

in the TBH � mDM limit (of which all but ' 108 corresponds to Hawking radiation into dark matter particles with
a common mass of mDM). In these two figures, we adopt tevap = 10 and 1000 seconds, respectively, and in each
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Going beyond the SM
Light hidden sectors, wd = 1/3, fd ≈ 1
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FIG. 5. The impact on the primordial helium (left) and deuterium (right) abundances of black holes that evaporate over-
whelmingly to dark radiation (fd ' 1, wd ' 1/3). These results are given in terms of the final (t � tevap) energy density of
dark radiation, in terms of �Ne↵ . The grey bands represent the measured values (at 2�), while the blue band in the right
frame denotes the systematic uncertainty associated with the nuclear reaction rates (as described in Sec. IV). Note that this
systematic uncertainty applies to all of the curves shown in the right frame (but for clarity is plotted only for the tevap = 1 s
case). For relatively short-lived black holes (tevap <⇠ 102 s), the measured helium and deuterium abundances rule out scenarios
in which this component of dark radiation contributes more than �Ne↵

>⇠ 0.4 � 0.6.

frame we have selected a di↵erent value of mDM.4 In each case, we have set the the initial black hole abundance such
that the Hawking radiation produces a final dark matter abundance that is equal to the total measured dark matter
density. In these figures, we have plotted separately the total energy density of dark matter, ⇢DM, and the number
of density of these particles multiplied by their mass, nDM mDM. This distinction can be non-negligible, as the dark
matter particles are not necessarily non-relativistic when they are initially radiated from a black hole. This is most
noticeable in the case of mDM = 1 TeV, which is not much larger than the initial temperature of the black holes under
consideration.

In Fig. 8, we show how these scenarios impact the primordial helium and deuterium abundances, focusing on the
e↵ects of the black holes and their evaporation products on the expansion rate. Although we show these results in terms
of mDM, they can be directly translated into values of the black hole abundance, �

0 or MY . In the tevap = 10 s case,
the expansion rate can be significantly altered during the time of proton-neutron freeze-out, enhancing the neutron
abundance at early times and leading to constraints based on the measured helium mass fraction, Yp. For this lifetime,
the measured value of Yp allows us to constrain �

0 <⇠ 2 ⇥ 10�15. In the tevap = 103 s case, the measured deuterium
abundance instead provides the most stringent constraint, allowing us to constrain �

0 <⇠ 5 ⇥ 10�16. Additionally in
this case, if the black hole abundance is large, the baryon abundance will be enhanced at early times (as can be seen
in the lower right frame of Fig. 7), impacting the rates of fusion and potentially ruining the successful prediction of
Yp.

When comparing these results to those presented in Fig. 3, we reach the following conclusions. First, the black holes
and their dark matter Hawking evaporation products only observably impact the expansion history of the universe
in regions of parameter space that are already ruled out as a consequence of Hawking evaporation into Standard
Model particles. It is entirely possible, however, that such black holes could generate the entirety of the observed
dark matter abundance. For the case of tevap ⇠ 10 s with g?,H � 102, this can be self-consistently attained so long
as mDM

<⇠ (106 GeV) ⇥ (g?,H/104). For g?,H ⇠ 102, we instead find that we must require mDM
<⇠ (106 GeV)/g

DM

?,H

in order to obtain the observed dark matter abundance, where g
DM

?,H
is the contribution of the dark matter species

to g?,H . For heavier dark matter candidates, it is not possible to produce the total measured abundance without
violating the constraints presented in this study (unless tevap <⇠ 10 s). In the case of tevap ⇠ 103 s, these requirements
are more stringent. In particular, to obtain the full measured dark matter abundance from such black holes, we must
require mDM

<⇠ (10 GeV) ⇥ (g?,H/104) (for g?,H � 102) or mDM
<⇠ (10 GeV)/g

DM

?,H
(for g?,H ⇠ 102).

4 Although we consider only one value of mDM at a time, one could also consider scenarios in which there is a spectrum of heavy hidden
sector states.

ΔNeff ≈ 1.0 × ( ΩBH

2.6 × 104 ) ( tevap

10 s )
1/2

( 10
g⋆(Tevap) ) (

g⋆,S(Tevap)
10 )

4/3
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Going beyond the SM
Heavy hidden sectors as DM,  for g⋆,H = 106 TBH ≫ mDM
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FIG. 6. The evolution of the energy densities in Standard Model radiation, baryons, black holes, and dark matter, in a scenario
in which the black holes evaporate with a lifetime of 10 seconds almost entirely to dark matter particles (corresponding to
g?,H = 106 for TBH � mDM). In each frame, the initial black hole abundance was chosen such that the Hawking radiation
produces the entirety of the measured dark matter density. This corresponds to ⌦BH = 6.8 (upper left), 88 (upper right),
8.6 ⇥ 104 (lower left) and 8.6 ⇥ 105 (lower right). As we have throughout this paper, we define ⌦BH as the value that would be
the case today if the black holes had not evaporated.

Compared to dark matter candidates that are produced as a WIMP-like thermal relic, particles generated through
Hawking radiation are much more energetic, raising the question of whether they would behave as cold dark matter
(as opposed to warm or hot dark matter) [98]. In the mDM � Ti limit, we find the average energy of a radiated dark
matter particle by integrating from the time at which TBH ⇠ mDM to the end of a black hole’s evaporation, resulting
in hEDMi ⇠ 6 mDM. By then relating hEDMi ⇠ 3TDM, we can estimate the approximate free-streaming length [121]:

�fs =

Z
tnr

0

dt

a(t)
⇡ 1 Mpc ⇥

✓
TDM

T

◆✓
0.3 keV

mDM

◆
(15)

⇠ 6 ⇥ 10�4 Mpc ⇥
✓

tevap

s

◆0.5

.

From this estimate, it follows that any stable, feebly-interacting particles heavier than Ti that are generated via
Hawking radiation will act as cold dark matter (�fs

<⇠ Mpc) so long as tevap <⇠ 3 ⇥ 106 s.
Considering next the case of mDM ⌧ Ti, we estimate TDM ⇠ Ti, which leads to the following:

�fs =

Z
tnr

0

dt

a(t)
⇡ 1 Mpc ⇥

✓
TDM

T

◆✓
0.3 keV

mDM

◆
(16)

⇠ 3 ⇥ 10�2 Mpc ⇥
✓

Ti/mDM

100

◆✓
tevap

s

◆0.5

.
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Going beyond the SM
Heavy hidden sectors as DM,  for g⋆,H = 106 TBH ≫ mDM
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FIG. 8. The impact on the primordial helium (left) and deuterium (right) abundances of black holes that evaporate largely to
dark matter (corresponding to g?,H = 106 for TBH � mDM). These results are given in terms of the dark matter particles’ mass
mDM, and in each case, the initial black hole abundance was chosen such that the Hawking radiation produces the entirety of
the measured dark matter density. The grey bands represent the measured values (at 2�), while the blue band in the right
frame denotes the systematic uncertainty associated with the nuclear reaction rates (as described in Sec. IV).

Supersymmetric Standard Model, MSSM).5 So whereas a black hole with a mass of M ⇠ 5 ⇥ 109 g will evaporate
in tevap ⇠ 50 s, assuming Standard Model particle content, this instead occurs in tevap ⇠ 17 s in the presence of
low-energy supersymmetry. This has the e↵ect of relaxing the constraints on black holes in this mass range by a
factor of ⇠ 2 � 3.

Additionally, if R-parity is conserved, each superpartner radiated from a black hole will ultimately decay to a lightest
supersymmetric particle (LSP). If the LSP is relatively heavy, such as a neutralino, it could serve as a candidate for
dark matter. On the other hand, a very light LSP (perhaps in the form of a gravitino or axino) could act as dark
radiation in this context. If mLSP ⌧ mSUSY, this will have little impact on the resulting constraints. If the sparticle
spectrum is highly compressed (mLSP ⇠ mSUSY), however, the majority of the energy in the Hawking radiation will
be in the form of LSP dark matter, reducing the potential to break up helium (and produce deuterium) by a factor
of up to ⇠ 2 � 3.

5 By supersymmetrizing the Standard Model, the value of g?,H does not merely double, but is further enhanced as a result of the lower
spins of most of the sparticle degrees-of-freedom.
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Going beyond the SM

• MSSM:  for  

• Consider  

• Can lower evaporation time, e.g. for  from 50 s to 17 s, relaxes 
constraints for masses similar and lower by a factor  

• R-parity conserved  produced SUSY particles decay to lightest SUSY particle 
(LSP) 

• This can produce observed DM abundance e.g. if , , 
, and 

g⋆,H = 316 TBH ≫ mSUSY

mSUSY ∼ 2 TeV

M ∼ 5 × 109 g
∼ 2 − 3

⇒

mSUSY = 2 TeV mLSP = 1 TeV
M = 5 × 109 g β′ ≃ 10−20

TeV-scale SUSY
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Summary

• BBN can constrain PBHs evaporating via Hawking radiation 

• Constraints in principle depend on complete particle spectrum, also BSM 

• Opens up additional phenomenological opportunities, see also e.g. 
[arXiv:1905.01301, 2004.14773, 2010.01134]
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