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No data from earlier times, Wide range of possibilities for t < 1s 
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First ever paper on PBH argues they should not form under standard 
simple cosmological assumptions
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Didn’t deter Hawking, whose paper inspired later work on evaporation
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Inflation postulates that at some point in the early history of the Universe, the cosmic energy
density was dominated by the vacuum energy associated with the displacement of some scalar
field � (the inflaton) from the minimum of its potential. Shown here for illustration are two toy
models for the inflaton potential: on the left, a quadratic potential and on the right, a hilltop
potential. (Adapted from Kamionkowski & Kosowsky (1999)).

� varies monotonically with time t and can thus be used as the independent variable (rather

than t). Let us suppose that the field and potential are defined so that �̇ > 0 during inflation.

We then di↵erentiate the Friedmann equation with respect to time, obtaining 2HḢ =
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where the last expression is the result of the slow-roll approximation, ✏ ⌧ 1, in which

�̇2/2 ⌧ V . Note that in much of the literature, ✏ is defined in terms of V and V 0 through

this relation, rather than through ✏ = �Ḣ/H2, as is done here, a distinction whose subtlety

will be unimportant in this article, although it can be important for quantitative conclusions

given the precision of current measurements. We also define a second slow-roll parameter,
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which will become important below; the approximation in Equation 3 is valid during slow-

roll, when ⌘ ⌧ 1.

2.1.3. Duration of inflation and evolution of scales. The number of e-folds of inflation

between the end of inflation and a time t during inflation is
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The largest comoving scales exit the horizon first during inflation, and they are the last to

re-enter the horizon later during matter or radiation domination. To evaluate the number

of e-foldings required to solve the horizon problem, consider a physical wavenumber kphys.

Its ratio to the Hubble scale today is
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6 Kamionkowski & Kovetz
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ωGenerates scalar and tensor perturbations from quantum fluctuations in
Discovered later, not the original motivation!

Solves “horizon problem” 
Why are causally disconnected CMB regions statistically identical?

Solves “flatness problem” 
Spatial curvature generically dominates, but is observed to be negligible  

Solves “monopole problem” 
GUTs predict large monopole density, which is not observed                                                                            

Scalar field drives exponential expansion  
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a(t) → eHit

Inflation
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ω = ω̄+ εω

6 Initial Conditions from Inflation

Arguably, the most important consequence of inflation is the fact that it includes a natural

mechanism to produce primordial seeds for all of the large-scale structures we see around us.

The reason why inflation inevitably produces fluctuations is simple: as we have seen in Chapter 2,

the evolution of the inflaton field �(t) governs the energy density of the early universe ⇢(t) and

hence controls the end of inflation. Essentially, the field � plays the role of a local “clock”

reading o↵ the amount of inflationary expansion still to occur. By the uncertainty principle,

arbitrarily precise timing is not possible in quantum mechanics. Instead, quantum-mechanical

clocks necessarily have some variance, so the inflaton will have spatially varying fluctuations

��(t,x) ⌘ �(t,x) � �̄(t). There will hence be local di↵erences in the time when inflation ends,

�t(x), so that di↵erent regions of space inflate by di↵erent amounts. These di↵erences in the

end reheatinginflation

Figure 6.1: Quantum fluctuations ��(t,x) around the classical background evolution �̄(t). Regions acquir-
ing a negative fluctuations �� remain potential-dominated longer than regions with positive ��. Di↵erent
parts of the universe therefore undergo slightly di↵erent evolutions. After inflation, this induces density
fluctuations �⇢(t,x).

local expansion histories lead to di↵erences in the local densities after inflation, �⇢(t,x), and

ultimately in the CMB temperature, �T (x). The main purpose of this chapter is to compute this

e↵ect. It is worth remarking that the theory wasn’t engineered to produce the CMB fluctuations,

but their origin is instead a natural consequence of treating inflation quantum mechanically.

6.1 From Quantum to Classical

Before we get into the details, let me describe the big picture. At early times, all modes of

interest were inside the horizon during inflation (see fig. 6.2). On small scales fluctuations in the

inflaton field are described by a collection of harmonic oscillators. Quantum fluctuations induce

a non-zero variance in the amplitudes of these oscillators

h|��k|2i ⌘ h0||��k|2|0i . (6.1.1)
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During inflation, comoving horizon shrinks
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inflation creates perturbations on all scales 

Primordial Fluctuations 

By Heisenberg uncertainty 
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Arguably, the most important consequence of inflation is the fact that it includes a natural

mechanism to produce primordial seeds for all of the large-scale structures we see around us.

The reason why inflation inevitably produces fluctuations is simple: as we have seen in Chapter 2,

the evolution of the inflaton field �(t) governs the energy density of the early universe ⇢(t) and

hence controls the end of inflation. Essentially, the field � plays the role of a local “clock”

reading o↵ the amount of inflationary expansion still to occur. By the uncertainty principle,

arbitrarily precise timing is not possible in quantum mechanics. Instead, quantum-mechanical

clocks necessarily have some variance, so the inflaton will have spatially varying fluctuations

��(t,x) ⌘ �(t,x) � �̄(t). There will hence be local di↵erences in the time when inflation ends,

�t(x), so that di↵erent regions of space inflate by di↵erent amounts. These di↵erences in the

end reheatinginflation

Figure 6.1: Quantum fluctuations ��(t,x) around the classical background evolution �̄(t). Regions acquir-
ing a negative fluctuations �� remain potential-dominated longer than regions with positive ��. Di↵erent
parts of the universe therefore undergo slightly di↵erent evolutions. After inflation, this induces density
fluctuations �⇢(t,x).

local expansion histories lead to di↵erences in the local densities after inflation, �⇢(t,x), and

ultimately in the CMB temperature, �T (x). The main purpose of this chapter is to compute this

e↵ect. It is worth remarking that the theory wasn’t engineered to produce the CMB fluctuations,

but their origin is instead a natural consequence of treating inflation quantum mechanically.

6.1 From Quantum to Classical

Before we get into the details, let me describe the big picture. At early times, all modes of

interest were inside the horizon during inflation (see fig. 6.2). On small scales fluctuations in the

inflaton field are described by a collection of harmonic oscillators. Quantum fluctuations induce

a non-zero variance in the amplitudes of these oscillators

h|��k|2i ⌘ h0||��k|2|0i . (6.1.1)

111

inflation creates perturbations on all scales 

Primordial Fluctuations 

By Heisenberg uncertainty 

During inflation, comoving horizon shrinks
Perturbations frozen outside horizon
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6 Initial Conditions from Inflation

Arguably, the most important consequence of inflation is the fact that it includes a natural

mechanism to produce primordial seeds for all of the large-scale structures we see around us.

The reason why inflation inevitably produces fluctuations is simple: as we have seen in Chapter 2,

the evolution of the inflaton field �(t) governs the energy density of the early universe ⇢(t) and

hence controls the end of inflation. Essentially, the field � plays the role of a local “clock”

reading o↵ the amount of inflationary expansion still to occur. By the uncertainty principle,

arbitrarily precise timing is not possible in quantum mechanics. Instead, quantum-mechanical

clocks necessarily have some variance, so the inflaton will have spatially varying fluctuations

��(t,x) ⌘ �(t,x) � �̄(t). There will hence be local di↵erences in the time when inflation ends,

�t(x), so that di↵erent regions of space inflate by di↵erent amounts. These di↵erences in the

end reheatinginflation

Figure 6.1: Quantum fluctuations ��(t,x) around the classical background evolution �̄(t). Regions acquir-
ing a negative fluctuations �� remain potential-dominated longer than regions with positive ��. Di↵erent
parts of the universe therefore undergo slightly di↵erent evolutions. After inflation, this induces density
fluctuations �⇢(t,x).

local expansion histories lead to di↵erences in the local densities after inflation, �⇢(t,x), and

ultimately in the CMB temperature, �T (x). The main purpose of this chapter is to compute this

e↵ect. It is worth remarking that the theory wasn’t engineered to produce the CMB fluctuations,

but their origin is instead a natural consequence of treating inflation quantum mechanically.

6.1 From Quantum to Classical

Before we get into the details, let me describe the big picture. At early times, all modes of

interest were inside the horizon during inflation (see fig. 6.2). On small scales fluctuations in the

inflaton field are described by a collection of harmonic oscillators. Quantum fluctuations induce

a non-zero variance in the amplitudes of these oscillators

h|��k|2i ⌘ h0||��k|2|0i . (6.1.1)
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inflation creates perturbations on all scales 

Primordial Fluctuations 

By Heisenberg uncertainty 

After inflation, horizon grows again
Perturbations evolve again at horizon re-entry
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Arguably, the most important consequence of inflation is the fact that it includes a natural

mechanism to produce primordial seeds for all of the large-scale structures we see around us.

The reason why inflation inevitably produces fluctuations is simple: as we have seen in Chapter 2,

the evolution of the inflaton field �(t) governs the energy density of the early universe ⇢(t) and

hence controls the end of inflation. Essentially, the field � plays the role of a local “clock”

reading o↵ the amount of inflationary expansion still to occur. By the uncertainty principle,

arbitrarily precise timing is not possible in quantum mechanics. Instead, quantum-mechanical

clocks necessarily have some variance, so the inflaton will have spatially varying fluctuations

��(t,x) ⌘ �(t,x) � �̄(t). There will hence be local di↵erences in the time when inflation ends,

�t(x), so that di↵erent regions of space inflate by di↵erent amounts. These di↵erences in the
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Figure 6.1: Quantum fluctuations ��(t,x) around the classical background evolution �̄(t). Regions acquir-
ing a negative fluctuations �� remain potential-dominated longer than regions with positive ��. Di↵erent
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local expansion histories lead to di↵erences in the local densities after inflation, �⇢(t,x), and

ultimately in the CMB temperature, �T (x). The main purpose of this chapter is to compute this

e↵ect. It is worth remarking that the theory wasn’t engineered to produce the CMB fluctuations,

but their origin is instead a natural consequence of treating inflation quantum mechanically.

6.1 From Quantum to Classical

Before we get into the details, let me describe the big picture. At early times, all modes of

interest were inside the horizon during inflation (see fig. 6.2). On small scales fluctuations in the

inflaton field are described by a collection of harmonic oscillators. Quantum fluctuations induce

a non-zero variance in the amplitudes of these oscillators

h|��k|2i ⌘ h0||��k|2|0i . (6.1.1)
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inflation creates perturbations on all scales 

Primordial Fluctuations 

By Heisenberg uncertainty 

If perturbation exceeds critical value
Hubble patch collapses to form PBH
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MBH → MH → (GH)→1
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FIG. 2. Shaded regions show the presently allowed strength of a locally scale-invariant primordial curvature power spectrum
PR(k), as a function of co-moving scale k. Our newly derived limits from UCMHs due to CMB accretion (blue), wide binary
evaporation (olive) and ICARUS lensing observations (light green) are discussed in detail in the text. We also present updated
constraints deriving from PTAs (black), as well as existing CMB y and µ distortion constraints applied to the form of PR(k)
assumed here (red). For comparison, we further show existing constraints at large scales (purple) deriving from CMB and
Lyman-ω observations [1, 64], as well as PBH bounds [7] that extend to very small scales (grey).

spectrum is well measured by observations of the CMB
temperature fluctuations and the Lyman-ω forest. Here
we show results from Ref. [64] for the former, based on
Planck data [73], and from Ref. [3] for the latter.

DISCUSSION

We have demonstrated that the formation of UCMHs
leads to highly competitive constraints on PR(k) down
to scales k → 105 kpc. Remarkably, these constraints
do not depend on interactions between DM and ordi-
nary matter and hence apply to any collision-less and
su!ciently cold DM candidate (in particular, these con-
straints only apply below the scale of free streaming or
kinetic decoupling [74], k < kD, for DM particles that
have been in thermal equilibrium in the early universe
– though it should be stressed that the complementary
constraints shown in Fig. 2 also assume that there are no
additional physical processes washing out PR(k) on sub-
horizon scales ). We emphasize that we have followed
a very conservative approach by restricting our analysis
to objects that have fully collapsed very early, before a
redshift of zc = 1200. Notably, this considerably sim-
plifies the analysis as it largely avoids complications due
to potential changes in the inner density profile or tidal
disruption a”ecting the survival probability at later for-

mation times.

Still, even significantly smaller initial density contrasts
than considered here would imply perturbations that en-
ter the non-linear regime well before the onset of standard
structure formation. While UCMHs forming at zc ↭ 1000
no longer e!ciently contribute to the CMB accretion
bounds, both wide binary evaporation and the Icarus ob-
servation therefore generally lead to significantly stronger
limits than what we reported in Fig. 2. Due to the afore-
mentioned e”ects, however, such more aggressive limits
should be considered less robust. To a much lesser de-
gree, our constraints are a”ected by other assumptions
about the UCMH properties. Taking into account a po-
tential mass growth due to baryonic accretion, in par-
ticular, would lead to somewhat stronger bounds, while
assuming a shallower profile (as expected for later col-
lapse) would result in slightly weaker constraints. For a
more detailed discussion of these aspects, we refer to the
Appendix.

Before concluding, let us briefly discuss further, com-
plementary probes of the small-scale power spectrum.
To start with, microlensing is e”ective when the phys-
ical size of the lens is smaller than the Einstein radius
R

(90)
UCMH ↑ RE,max =

√
GMDS/c

2, where DS is the dis-
tance to the source and M the lens mass. For Galactic
microlensing, this formally implies M > 1017 M→, i.e. far
above the entire Galaxy’s mass. This explains why there

Primordial Fluctuations 
Bringmann, Croon, Munoz 2506.20704
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FIG. 2. Shaded regions show the presently allowed strength of a locally scale-invariant primordial curvature power spectrum
PR(k), as a function of co-moving scale k. Our newly derived limits from UCMHs due to CMB accretion (blue), wide binary
evaporation (olive) and ICARUS lensing observations (light green) are discussed in detail in the text. We also present updated
constraints deriving from PTAs (black), as well as existing CMB y and µ distortion constraints applied to the form of PR(k)
assumed here (red). For comparison, we further show existing constraints at large scales (purple) deriving from CMB and
Lyman-ω observations [1, 64], as well as PBH bounds [7] that extend to very small scales (grey).

spectrum is well measured by observations of the CMB
temperature fluctuations and the Lyman-ω forest. Here
we show results from Ref. [64] for the former, based on
Planck data [73], and from Ref. [3] for the latter.

DISCUSSION

We have demonstrated that the formation of UCMHs
leads to highly competitive constraints on PR(k) down
to scales k → 105 kpc. Remarkably, these constraints
do not depend on interactions between DM and ordi-
nary matter and hence apply to any collision-less and
su!ciently cold DM candidate (in particular, these con-
straints only apply below the scale of free streaming or
kinetic decoupling [74], k < kD, for DM particles that
have been in thermal equilibrium in the early universe
– though it should be stressed that the complementary
constraints shown in Fig. 2 also assume that there are no
additional physical processes washing out PR(k) on sub-
horizon scales ). We emphasize that we have followed
a very conservative approach by restricting our analysis
to objects that have fully collapsed very early, before a
redshift of zc = 1200. Notably, this considerably sim-
plifies the analysis as it largely avoids complications due
to potential changes in the inner density profile or tidal
disruption a”ecting the survival probability at later for-

mation times.

Still, even significantly smaller initial density contrasts
than considered here would imply perturbations that en-
ter the non-linear regime well before the onset of standard
structure formation. While UCMHs forming at zc ↭ 1000
no longer e!ciently contribute to the CMB accretion
bounds, both wide binary evaporation and the Icarus ob-
servation therefore generally lead to significantly stronger
limits than what we reported in Fig. 2. Due to the afore-
mentioned e”ects, however, such more aggressive limits
should be considered less robust. To a much lesser de-
gree, our constraints are a”ected by other assumptions
about the UCMH properties. Taking into account a po-
tential mass growth due to baryonic accretion, in par-
ticular, would lead to somewhat stronger bounds, while
assuming a shallower profile (as expected for later col-
lapse) would result in slightly weaker constraints. For a
more detailed discussion of these aspects, we refer to the
Appendix.

Before concluding, let us briefly discuss further, com-
plementary probes of the small-scale power spectrum.
To start with, microlensing is e”ective when the phys-
ical size of the lens is smaller than the Einstein radius
R

(90)
UCMH ↑ RE,max =

√
GMDS/c

2, where DS is the dis-
tance to the source and M the lens mass. For Galactic
microlensing, this formally implies M > 1017 M→, i.e. far
above the entire Galaxy’s mass. This explains why there

<latexit sha1_base64="J1SDu6Y15EcUZS5NkryeX8MoIKg=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBHqwjIj1sdCqLpxWcE+oDOWTJq2oZnMkGSEMvQD3Pgrblwo4tYPcOffmLaz0NYDgcM553Jzjx9xprRtf1tz8wuLS8uZlezq2vrGZm5ru6bCWBJaJSEPZcPHinImaFUzzWkjkhQHPqd1v3898usPVCoWijs9iKgX4K5gHUawNlIrl79sKXSBCkdFx0ZuFCC7aJcOXM0CqpBj3yeH50OTMuoYaJY4KclDikor9+W2QxIHVGjCsVJNx460l2CpGeF0mHVjRSNM+rhLm4YKbJZ5yfiYIdo3Sht1Qmme0Gis/p5IcKDUIPBNMsC6p6a9kfif14x158xLmIhiTQWZLOrEHOkQjZpBbSYp0XxgCCaSmb8i0sMSE236y5oSnOmTZ0nN9HhSLN0e58tXaR0Z2IU9KIADp1CGG6hAFQg8wjO8wpv1ZL1Y79bHJDpnpTM78AfW5w+9EZes</latexit>

As = (2.10± 0.05)→ 10→9

<latexit sha1_base64="2YvAS7Tckp/GLZJgxwVTwQk3+qc=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlptRqF0LRjcsK9gLtMGTSTBuaZIYkI5RSN76KGxeKuPUt3Pk2ZtpZaOsPgY//nMPJ+YOYUaUd59vKrayurW/kNwtb2zu7e/b+QUtFicSkiSMWyU6AFGFUkKammpFOLAniASPtYHST1tsPRCoaiXs9jonH0UDQkGKkjeXbR8JX8Ao6pVq1UoO9mEPDjlMp+3YxhVRwGdwMiiBTw7e/ev0IJ5wIjRlSqus6sfYmSGqKGZkWeokiMcIjNCBdgwJxorzJ7IIpPDVOH4aRNE9oOHN/T0wQV2rMA9PJkR6qxVpq/lfrJjq89CZUxIkmAs8XhQmDOoJpHLBPJcGajQ0gLKn5K8RDJBHWJrSCCcFdPHkZWuWSWy2d31WK9essjjw4BifgDLjgAtTBLWiAJsDgETyDV/BmPVkv1rv1MW/NWdnMIfgj6/MH64iTWQ==</latexit>

ns = 0.9649± 0.0042
<latexit sha1_base64="/lOCpcJtAv13/yo+OOZJ9+vSikQ=">AAACA3icbVDLSgMxFM3UV62vUXe6CRZBRMuMWHUjFN24ESrYB3TGIZOmbWiSGZKMUIaCG3/FjQtF3PoT7vwb03YWaj1w4XDOvdx7TxgzqrTjfFm5mdm5+YX8YmFpeWV1zV7fqKsokZjUcMQi2QyRIowKUtNUM9KMJUE8ZKQR9i9HfuOeSEUjcasHMfE56graoRhpIwX2Vj/Yh+fQKTll6B1AT3J4HeO79NAdBnbRyGPAaeJmpAgyVAP702tHOOFEaMyQUi3XibWfIqkpZmRY8BJFYoT7qEtahgrEifLT8Q9DuGuUNuxE0pTQcKz+nEgRV2rAQ9PJke6pv95I/M9rJbpz5qdUxIkmAk8WdRIGdQRHgcA2lQRrNjAEYUnNrRD3kERYm9gKJgT378vTpH5Uck9K5ZvjYuUiiyMPtsEO2AMuOAUVcAWqoAYweABP4AW8Wo/Ws/VmvU9ac1Y2swl+wfr4Bnf5lOQ=</latexit>

k→ = 0.05Mpc↑1 Planck 2018

<latexit sha1_base64="XrcRu7zqbHQPm5WddHlQxGcRACw="></latexit>

PR = As

(
k

k→

)ns↑1

Measured to be ~ scale-invariant on CMB scales (> Mpc)

Primordial Fluctuations 

… no PBH formation in standard cosmology

Bringmann, Croon, Munoz 2506.20704



4

FIG. 2. Shaded regions show the presently allowed strength of a locally scale-invariant primordial curvature power spectrum
PR(k), as a function of co-moving scale k. Our newly derived limits from UCMHs due to CMB accretion (blue), wide binary
evaporation (olive) and ICARUS lensing observations (light green) are discussed in detail in the text. We also present updated
constraints deriving from PTAs (black), as well as existing CMB y and µ distortion constraints applied to the form of PR(k)
assumed here (red). For comparison, we further show existing constraints at large scales (purple) deriving from CMB and
Lyman-ω observations [1, 64], as well as PBH bounds [7] that extend to very small scales (grey).

spectrum is well measured by observations of the CMB
temperature fluctuations and the Lyman-ω forest. Here
we show results from Ref. [64] for the former, based on
Planck data [73], and from Ref. [3] for the latter.

DISCUSSION

We have demonstrated that the formation of UCMHs
leads to highly competitive constraints on PR(k) down
to scales k → 105 kpc. Remarkably, these constraints
do not depend on interactions between DM and ordi-
nary matter and hence apply to any collision-less and
su!ciently cold DM candidate (in particular, these con-
straints only apply below the scale of free streaming or
kinetic decoupling [74], k < kD, for DM particles that
have been in thermal equilibrium in the early universe
– though it should be stressed that the complementary
constraints shown in Fig. 2 also assume that there are no
additional physical processes washing out PR(k) on sub-
horizon scales ). We emphasize that we have followed
a very conservative approach by restricting our analysis
to objects that have fully collapsed very early, before a
redshift of zc = 1200. Notably, this considerably sim-
plifies the analysis as it largely avoids complications due
to potential changes in the inner density profile or tidal
disruption a”ecting the survival probability at later for-

mation times.

Still, even significantly smaller initial density contrasts
than considered here would imply perturbations that en-
ter the non-linear regime well before the onset of standard
structure formation. While UCMHs forming at zc ↭ 1000
no longer e!ciently contribute to the CMB accretion
bounds, both wide binary evaporation and the Icarus ob-
servation therefore generally lead to significantly stronger
limits than what we reported in Fig. 2. Due to the afore-
mentioned e”ects, however, such more aggressive limits
should be considered less robust. To a much lesser de-
gree, our constraints are a”ected by other assumptions
about the UCMH properties. Taking into account a po-
tential mass growth due to baryonic accretion, in par-
ticular, would lead to somewhat stronger bounds, while
assuming a shallower profile (as expected for later col-
lapse) would result in slightly weaker constraints. For a
more detailed discussion of these aspects, we refer to the
Appendix.

Before concluding, let us briefly discuss further, com-
plementary probes of the small-scale power spectrum.
To start with, microlensing is e”ective when the phys-
ical size of the lens is smaller than the Einstein radius
R

(90)
UCMH ↑ RE,max =

√
GMDS/c

2, where DS is the dis-
tance to the source and M the lens mass. For Galactic
microlensing, this formally implies M > 1017 M→, i.e. far
above the entire Galaxy’s mass. This explains why there
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Small Sample of Other Mechanisms

Phase Transitions 
Nucleated bubbles collide and form PBH
 Kodama, Sasaki, Sato 1982    Kusenko, Sasaki, Takhistov, et al  2001.09160

Cosmic Strings  
Strings form loops, which oscillate and contract to R<Rs
Kibble 1976, Hawking 1989, Polnarev, Zembowicz 1991

Domain Walls 
Walls can lower energy by shrinking to R<Rs 
Rubin, Khlopov,  Sakharov 2000

Q-Ball Collapse  
Scalar condensate accretes and collapses to R<Rs 
Cotner, Kusenko 1612.02529
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FIG. 4. Compilation of constraints for monochromatic PBH mass functions (bold) and some relevant potential evidence
(dashed) (SNE [234], OGLE [11], LVK [89]). Only the dominant constraint in each mass range is labelled. The vertical dashed
line on the left indicates the PBH mass that would complete its evaporation today, while the vertical dashed line on the right
corresponds to the horizon mass at the time of CMB formation.

Moreover, the anticipated clustering of evaporating PBHs within our halo should produce a Galactic ω-ray back-
ground, distinguishable from the uniform extragalactic background. Ref. [227] claimed that a galactic background
had been detected in EGRET observations and attributed this to PBHs. Later analysis of EGRET data, assuming
a variety of PBH distributions, reassessed this limit by including a realistic model for the PBH mass spectrum and
a more precise relationship between the initial and current PBH mass, leading to constraints on the PBH popula-
tion [228, 229].

Another observable signature of PBH explosions is the production of extremely energetic particles. Recently,
the KM3NeT collaboration reported the detection of the most energetic neutrino to date, with an energy of about
100 PeV [230]. One possible interpretation of this event is that it originated from the explosion of a PBH [231–233].

B Lensing

1 Constraints

PBHs can be sought in the present universe through their lensing e!ects. The most prominent of these is mi-
crolensing (ML), which manifests as a temporary brightening of background stars when compact objects traverse
their line of sight [235]. Since the 1990s, several observational campaigns have monitored the brightness of stars in the
Magellanic Clouds, the Galactic bulge, and M31. Currently, the constraints arising from MACHO [236], EROS [237],
Kepler [238], Subaru/HSC [239] and OGLE [240–242] ML surveys6 cover a broad mass range and it has been claimed
that this excludes PBHs with 10→10 → 103 M↑ making up more than 1% of the DM halo mass. The low-mass end
of this range is associated with wave-optics and finite-source-size e!ects that suppress the amplification, while the
high-mass end is associated with the long duration of the ML events. These constraints have been extended to higher
masses by using lensing of supernovae [245] and GW events observed by LVK [246]. The former relies on estimates
of the supernova luminosities, while the latter is based on the frequency dependence of the lensing e!ect.

The ML constraints can change if the PBHs are initially clustered [247, 248]. However, the amount of clustering
required to have a significant e!ect on lensing will a!ect structure formation and is in conflict with Lyman-ε con-
straints [249]. Consequently, ML constraints remain largely unchanged in models with phenomenologically viable
initial clustering.

ML constraints depend sensitively on the assumed DM density profile and velocity dispersion in the Milky Way [250,
251]. It has been claimed that these constraints may be relaxed by up to two orders of magnitude [252], although
Ref. [242] argues that the profiles used here are inconsistent with observations of the Milky Way rotation curve.

6 The validity of the recent analysis by the OGLE collaboration has been challenged and is discussed in Refs. [243, 244].

Carr, Iovino, Perna, Vaskonen,Vermae  2601.06024

Cosmologically metastable PBH 
Evaporation and energy injection limits
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FIG. 4. Compilation of constraints for monochromatic PBH mass functions (bold) and some relevant potential evidence
(dashed) (SNE [234], OGLE [11], LVK [89]). Only the dominant constraint in each mass range is labelled. The vertical dashed
line on the left indicates the PBH mass that would complete its evaporation today, while the vertical dashed line on the right
corresponds to the horizon mass at the time of CMB formation.

Moreover, the anticipated clustering of evaporating PBHs within our halo should produce a Galactic ω-ray back-
ground, distinguishable from the uniform extragalactic background. Ref. [227] claimed that a galactic background
had been detected in EGRET observations and attributed this to PBHs. Later analysis of EGRET data, assuming
a variety of PBH distributions, reassessed this limit by including a realistic model for the PBH mass spectrum and
a more precise relationship between the initial and current PBH mass, leading to constraints on the PBH popula-
tion [228, 229].

Another observable signature of PBH explosions is the production of extremely energetic particles. Recently,
the KM3NeT collaboration reported the detection of the most energetic neutrino to date, with an energy of about
100 PeV [230]. One possible interpretation of this event is that it originated from the explosion of a PBH [231–233].

B Lensing

1 Constraints

PBHs can be sought in the present universe through their lensing e!ects. The most prominent of these is mi-
crolensing (ML), which manifests as a temporary brightening of background stars when compact objects traverse
their line of sight [235]. Since the 1990s, several observational campaigns have monitored the brightness of stars in the
Magellanic Clouds, the Galactic bulge, and M31. Currently, the constraints arising from MACHO [236], EROS [237],
Kepler [238], Subaru/HSC [239] and OGLE [240–242] ML surveys6 cover a broad mass range and it has been claimed
that this excludes PBHs with 10→10 → 103 M↑ making up more than 1% of the DM halo mass. The low-mass end
of this range is associated with wave-optics and finite-source-size e!ects that suppress the amplification, while the
high-mass end is associated with the long duration of the ML events. These constraints have been extended to higher
masses by using lensing of supernovae [245] and GW events observed by LVK [246]. The former relies on estimates
of the supernova luminosities, while the latter is based on the frequency dependence of the lensing e!ect.

The ML constraints can change if the PBHs are initially clustered [247, 248]. However, the amount of clustering
required to have a significant e!ect on lensing will a!ect structure formation and is in conflict with Lyman-ε con-
straints [249]. Consequently, ML constraints remain largely unchanged in models with phenomenologically viable
initial clustering.

ML constraints depend sensitively on the assumed DM density profile and velocity dispersion in the Milky Way [250,
251]. It has been claimed that these constraints may be relaxed by up to two orders of magnitude [252], although
Ref. [242] argues that the profiles used here are inconsistent with observations of the Milky Way rotation curve.

6 The validity of the recent analysis by the OGLE collaboration has been challenged and is discussed in Refs. [243, 244].

Carr, Iovino, Perna, Vaskonen,Vermae  2601.06024

Asteroid mass window: PBH can be all of the DM
Cosmologically stable  
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FIG. 4. Compilation of constraints for monochromatic PBH mass functions (bold) and some relevant potential evidence
(dashed) (SNE [234], OGLE [11], LVK [89]). Only the dominant constraint in each mass range is labelled. The vertical dashed
line on the left indicates the PBH mass that would complete its evaporation today, while the vertical dashed line on the right
corresponds to the horizon mass at the time of CMB formation.

Moreover, the anticipated clustering of evaporating PBHs within our halo should produce a Galactic ω-ray back-
ground, distinguishable from the uniform extragalactic background. Ref. [227] claimed that a galactic background
had been detected in EGRET observations and attributed this to PBHs. Later analysis of EGRET data, assuming
a variety of PBH distributions, reassessed this limit by including a realistic model for the PBH mass spectrum and
a more precise relationship between the initial and current PBH mass, leading to constraints on the PBH popula-
tion [228, 229].

Another observable signature of PBH explosions is the production of extremely energetic particles. Recently,
the KM3NeT collaboration reported the detection of the most energetic neutrino to date, with an energy of about
100 PeV [230]. One possible interpretation of this event is that it originated from the explosion of a PBH [231–233].

B Lensing

1 Constraints

PBHs can be sought in the present universe through their lensing e!ects. The most prominent of these is mi-
crolensing (ML), which manifests as a temporary brightening of background stars when compact objects traverse
their line of sight [235]. Since the 1990s, several observational campaigns have monitored the brightness of stars in the
Magellanic Clouds, the Galactic bulge, and M31. Currently, the constraints arising from MACHO [236], EROS [237],
Kepler [238], Subaru/HSC [239] and OGLE [240–242] ML surveys6 cover a broad mass range and it has been claimed
that this excludes PBHs with 10→10 → 103 M↑ making up more than 1% of the DM halo mass. The low-mass end
of this range is associated with wave-optics and finite-source-size e!ects that suppress the amplification, while the
high-mass end is associated with the long duration of the ML events. These constraints have been extended to higher
masses by using lensing of supernovae [245] and GW events observed by LVK [246]. The former relies on estimates
of the supernova luminosities, while the latter is based on the frequency dependence of the lensing e!ect.

The ML constraints can change if the PBHs are initially clustered [247, 248]. However, the amount of clustering
required to have a significant e!ect on lensing will a!ect structure formation and is in conflict with Lyman-ε con-
straints [249]. Consequently, ML constraints remain largely unchanged in models with phenomenologically viable
initial clustering.

ML constraints depend sensitively on the assumed DM density profile and velocity dispersion in the Milky Way [250,
251]. It has been claimed that these constraints may be relaxed by up to two orders of magnitude [252], although
Ref. [242] argues that the profiles used here are inconsistent with observations of the Milky Way rotation curve.

6 The validity of the recent analysis by the OGLE collaboration has been challenged and is discussed in Refs. [243, 244].
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dark radiation at a level that can naturally address the tension between late and early-time Hubble determinations,
�Ne↵ ⇠ 0.03 � 0.2 for each light and decoupled species of spin 0, 1/2, or 1.

The null results of direct detection [43–45] and collider searches for dark matter provide us with motivation to
consider dark matter candidates that were never in thermal equilibrium in the early universe, but that were instead
produced through other mechanisms, such as misalignment production [46–48], out-of-equilibrium decays [49–53],
or gravitational production during inflation [54–56]. Hawking evaporation is a theoretically well motivated way to
generate dark matter particles that would not lead to observable signals in existing experiments. As we will show,
very heavy dark matter candidates (mDM

>
⇠ 109 GeV) can naturally be generated with the measured abundance in

scenarios in which the early universe included a black hole dominated era.
In this paper, we revisit primordial black holes in the early universe, focusing on scenarios which include a black

hole dominated era prior to BBN. In such scenarios, we find that the products of Hawking evaporation can naturally
contribute substantially to the abundance of dark radiation, at a level of �Ne↵ ⇠ 0.03 � 0.2 for each light and
decoupled species. An abundance of dark radiation in this range would help to relax the reported Hubble tension,
and is projected to be within the reach of upcoming stage IV CMB experiments. We also consider the production
of dark matter through Hawking radiation in a black hole dominated early universe, finding that the measured dark
matter abundance can be easily accommodated if the mass of the dark matter candidate lies in the range between
mDM ⇠ 109 GeV and the Planck scale.

II. BLACK HOLES IN THE EARLY UNIVERSE

A. Evaporation Preliminaries

A black hole with mass MBH loses mass through the process of Hawking evaporation [57], at a rate given by:
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and g?,H(TBH) counts all existing particle species with masses below TBH [58, 59] according to the prescription
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where wi = 2si + 1 for massive particles of spin si, wi = 2 for massless particles with si > 0, and wi = 1 for si = 0
species. At BH temperatures well above the electroweak scale BH evaporation emits the full SM particle spectrum
according to their g?,H weights; at temperatures below the MeV scale, only photons and neutrinos are emitted, so in
these limits we have
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Assuming g?,H(TBH) is approximately constant (which is always true for BH that evaporate entirely to SM radiation
before BBN), integrating Eq. (2) yields the time dependence of a BH with initial mass Mi
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and its evaporation time ⌧ can be written as
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Although black holes can undergo mergers to form larger black holes and gain mass through accretion in the early
universe, we expect these processes to play an important role only at very early times, corresponding to T >

⇠ 108 GeV
⇥(108 g/MBH)3/4 (see Appendices A and B). With this in mind, one can think of the quantity, Mi, as the mass of a
given black hole after these processes have ceased to be e�cient.

mi < TBH
<latexit sha1_base64="/AXOPns6DSiOOkX7hwOieh6XRKc=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mqoAcPpV56rNAvaEPYbDft0t0k7G4KJfSfePGgiFf/iTf/jds2B219MPB4b4aZeUHCmdKO820VtrZ3dveK+6WDw6PjE/v0rKPiVBLaJjGPZS/AinIW0bZmmtNeIikWAafdYPK48LtTKhWLo5aeJdQTeBSxkBGsjeTbtvAZekAtPxtIgeqNuW+XnYqzBNokbk7KkKPp21+DYUxSQSNNOFaq7zqJ9jIsNSOczkuDVNEEkwke0b6hERZUedny8jm6MsoQhbE0FWm0VH9PZFgoNROB6RRYj9W6txD/8/qpDu+9jEVJqmlEVovClCMdo0UMaMgkJZrPDMFEMnMrImMsMdEmrJIJwV1/eZN0qhX3plJ9ui3X6nkcRbiAS7gGF+6gBg1oQhsITOEZXuHNyqwX6936WLUWrHzmHP7A+vwB8YySkA==</latexit>

i = SM+DM+ axion + · · ·
<latexit sha1_base64="DtdeaWFCT1ty7yW2iimEtXyi8Ec=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBKJSkCroRirpwU6hoH9CEMplM2qGTTJiZiCUU3Pgrblwo4tafcOffOG2z0NYDFw7n3Mu993gxo1JZ1reRW1hcWl7JrxbW1jc2t8ztnabkicCkgTnjou0hSRiNSENRxUg7FgSFHiMtb3A59lv3REjKozs1jIkbol5EA4qR0lLX3KPwHDoihLe10lWthB60WnKwz5XsmkWrbE0A54mdkSLIUO+aX47PcRKSSGGGpOzYVqzcFAlFMSOjgpNIEiM8QD3S0TRCIZFuOvlhBA+14sOAC12RghP190SKQimHoac7Q6T6ctYbi/95nUQFZ25KozhRJMLTRUHCoOJwHAj0qSBYsaEmCAuqb4W4jwTCSsdW0CHYsy/Pk2albB+XKzcnxepFFkce7IMDcARscAqq4BrUQQNg8AiewSt4M56MF+Pd+Ji25oxsZhf8gfH5A5ualj4=</latexit>

i BH 

Hawking Evaporation

MacGibbon, Webber, Phys. Rev. D 41, 3052 (1990).

Hawking, Commun. Math. Phys. 43, 199 (1975)
Carr, Astrophys. J. 206, 8 (1976).

Black holes emit particles with “gray body”  
spectrum set by Hawking temperature 



Image: WMAP

2

dark radiation at a level that can naturally address the tension between late and early-time Hubble determinations,
�Ne↵ ⇠ 0.03 � 0.2 for each light and decoupled species of spin 0, 1/2, or 1.

The null results of direct detection [43–45] and collider searches for dark matter provide us with motivation to
consider dark matter candidates that were never in thermal equilibrium in the early universe, but that were instead
produced through other mechanisms, such as misalignment production [46–48], out-of-equilibrium decays [49–53],
or gravitational production during inflation [54–56]. Hawking evaporation is a theoretically well motivated way to
generate dark matter particles that would not lead to observable signals in existing experiments. As we will show,
very heavy dark matter candidates (mDM

>
⇠ 109 GeV) can naturally be generated with the measured abundance in

scenarios in which the early universe included a black hole dominated era.
In this paper, we revisit primordial black holes in the early universe, focusing on scenarios which include a black

hole dominated era prior to BBN. In such scenarios, we find that the products of Hawking evaporation can naturally
contribute substantially to the abundance of dark radiation, at a level of �Ne↵ ⇠ 0.03 � 0.2 for each light and
decoupled species. An abundance of dark radiation in this range would help to relax the reported Hubble tension,
and is projected to be within the reach of upcoming stage IV CMB experiments. We also consider the production
of dark matter through Hawking radiation in a black hole dominated early universe, finding that the measured dark
matter abundance can be easily accommodated if the mass of the dark matter candidate lies in the range between
mDM ⇠ 109 GeV and the Planck scale.

II. BLACK HOLES IN THE EARLY UNIVERSE

A. Evaporation Preliminaries

A black hole with mass MBH loses mass through the process of Hawking evaporation [57], at a rate given by:
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and g?,H(TBH) counts all existing particle species with masses below TBH [58, 59] according to the prescription
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where wi = 2si + 1 for massive particles of spin si, wi = 2 for massless particles with si > 0, and wi = 1 for si = 0
species. At BH temperatures well above the electroweak scale BH evaporation emits the full SM particle spectrum
according to their g?,H weights; at temperatures below the MeV scale, only photons and neutrinos are emitted, so in
these limits we have

g?,H(TBH) '
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108 , TBH � 100 GeV , MBH ⌧ 1011g
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(5)

Assuming g?,H(TBH) is approximately constant (which is always true for BH that evaporate entirely to SM radiation
before BBN), integrating Eq. (2) yields the time dependence of a BH with initial mass Mi

MBH(t) = Mi
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Although black holes can undergo mergers to form larger black holes and gain mass through accretion in the early
universe, we expect these processes to play an important role only at very early times, corresponding to T >

⇠ 108 GeV
⇥(108 g/MBH)3/4 (see Appendices A and B). With this in mind, one can think of the quantity, Mi, as the mass of a
given black hole after these processes have ceased to be e�cient.

mi < TBH
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dark radiation at a level that can naturally address the tension between late and early-time Hubble determinations,
�Ne↵ ⇠ 0.03 � 0.2 for each light and decoupled species of spin 0, 1/2, or 1.

The null results of direct detection [43–45] and collider searches for dark matter provide us with motivation to
consider dark matter candidates that were never in thermal equilibrium in the early universe, but that were instead
produced through other mechanisms, such as misalignment production [46–48], out-of-equilibrium decays [49–53],
or gravitational production during inflation [54–56]. Hawking evaporation is a theoretically well motivated way to
generate dark matter particles that would not lead to observable signals in existing experiments. As we will show,
very heavy dark matter candidates (mDM

>
⇠ 109 GeV) can naturally be generated with the measured abundance in

scenarios in which the early universe included a black hole dominated era.
In this paper, we revisit primordial black holes in the early universe, focusing on scenarios which include a black

hole dominated era prior to BBN. In such scenarios, we find that the products of Hawking evaporation can naturally
contribute substantially to the abundance of dark radiation, at a level of �Ne↵ ⇠ 0.03 � 0.2 for each light and
decoupled species. An abundance of dark radiation in this range would help to relax the reported Hubble tension,
and is projected to be within the reach of upcoming stage IV CMB experiments. We also consider the production
of dark matter through Hawking radiation in a black hole dominated early universe, finding that the measured dark
matter abundance can be easily accommodated if the mass of the dark matter candidate lies in the range between
mDM ⇠ 109 GeV and the Planck scale.

II. BLACK HOLES IN THE EARLY UNIVERSE

A. Evaporation Preliminaries

A black hole with mass MBH loses mass through the process of Hawking evaporation [57], at a rate given by:
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and g?,H(TBH) counts all existing particle species with masses below TBH [58, 59] according to the prescription
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where wi = 2si + 1 for massive particles of spin si, wi = 2 for massless particles with si > 0, and wi = 1 for si = 0
species. At BH temperatures well above the electroweak scale BH evaporation emits the full SM particle spectrum
according to their g?,H weights; at temperatures below the MeV scale, only photons and neutrinos are emitted, so in
these limits we have
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Assuming g?,H(TBH) is approximately constant (which is always true for BH that evaporate entirely to SM radiation
before BBN), integrating Eq. (2) yields the time dependence of a BH with initial mass Mi
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Although black holes can undergo mergers to form larger black holes and gain mass through accretion in the early
universe, we expect these processes to play an important role only at very early times, corresponding to T >

⇠ 108 GeV
⇥(108 g/MBH)3/4 (see Appendices A and B). With this in mind, one can think of the quantity, Mi, as the mass of a
given black hole after these processes have ceased to be e�cient.
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dark radiation at a level that can naturally address the tension between late and early-time Hubble determinations,
�Ne↵ ⇠ 0.03 � 0.2 for each light and decoupled species of spin 0, 1/2, or 1.

The null results of direct detection [43–45] and collider searches for dark matter provide us with motivation to
consider dark matter candidates that were never in thermal equilibrium in the early universe, but that were instead
produced through other mechanisms, such as misalignment production [46–48], out-of-equilibrium decays [49–53],
or gravitational production during inflation [54–56]. Hawking evaporation is a theoretically well motivated way to
generate dark matter particles that would not lead to observable signals in existing experiments. As we will show,
very heavy dark matter candidates (mDM

>
⇠ 109 GeV) can naturally be generated with the measured abundance in

scenarios in which the early universe included a black hole dominated era.
In this paper, we revisit primordial black holes in the early universe, focusing on scenarios which include a black

hole dominated era prior to BBN. In such scenarios, we find that the products of Hawking evaporation can naturally
contribute substantially to the abundance of dark radiation, at a level of �Ne↵ ⇠ 0.03 � 0.2 for each light and
decoupled species. An abundance of dark radiation in this range would help to relax the reported Hubble tension,
and is projected to be within the reach of upcoming stage IV CMB experiments. We also consider the production
of dark matter through Hawking radiation in a black hole dominated early universe, finding that the measured dark
matter abundance can be easily accommodated if the mass of the dark matter candidate lies in the range between
mDM ⇠ 109 GeV and the Planck scale.

II. BLACK HOLES IN THE EARLY UNIVERSE

A. Evaporation Preliminaries

A black hole with mass MBH loses mass through the process of Hawking evaporation [57], at a rate given by:

dMBH

dt
= �

G g?,H(TBH) M
4

Pl

30720 ⇡ M
2

BH

' �7.6 ⇥ 1024 g s�1
g?,H(TBH)

✓
g

MBH

◆2

, (2)

where G ⇡ 3.8 is the appropriate graybody factor, the temperature of a black hole is

TBH =
M

2

Pl

8⇡MBH

' 1.05 ⇥ 1013 GeV

✓
g

MBH

◆
, (3)

and g?,H(TBH) counts all existing particle species with masses below TBH [58, 59] according to the prescription
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where wi = 2si + 1 for massive particles of spin si, wi = 2 for massless particles with si > 0, and wi = 1 for si = 0
species. At BH temperatures well above the electroweak scale BH evaporation emits the full SM particle spectrum
according to their g?,H weights; at temperatures below the MeV scale, only photons and neutrinos are emitted, so in
these limits we have
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Assuming g?,H(TBH) is approximately constant (which is always true for BH that evaporate entirely to SM radiation
before BBN), integrating Eq. (2) yields the time dependence of a BH with initial mass Mi
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Although black holes can undergo mergers to form larger black holes and gain mass through accretion in the early
universe, we expect these processes to play an important role only at very early times, corresponding to T >

⇠ 108 GeV
⇥(108 g/MBH)3/4 (see Appendices A and B). With this in mind, one can think of the quantity, Mi, as the mass of a
given black hole after these processes have ceased to be e�cient.
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dark radiation at a level that can naturally address the tension between late and early-time Hubble determinations,
�Ne↵ ⇠ 0.03 � 0.2 for each light and decoupled species of spin 0, 1/2, or 1.

The null results of direct detection [43–45] and collider searches for dark matter provide us with motivation to
consider dark matter candidates that were never in thermal equilibrium in the early universe, but that were instead
produced through other mechanisms, such as misalignment production [46–48], out-of-equilibrium decays [49–53],
or gravitational production during inflation [54–56]. Hawking evaporation is a theoretically well motivated way to
generate dark matter particles that would not lead to observable signals in existing experiments. As we will show,
very heavy dark matter candidates (mDM

>
⇠ 109 GeV) can naturally be generated with the measured abundance in

scenarios in which the early universe included a black hole dominated era.
In this paper, we revisit primordial black holes in the early universe, focusing on scenarios which include a black

hole dominated era prior to BBN. In such scenarios, we find that the products of Hawking evaporation can naturally
contribute substantially to the abundance of dark radiation, at a level of �Ne↵ ⇠ 0.03 � 0.2 for each light and
decoupled species. An abundance of dark radiation in this range would help to relax the reported Hubble tension,
and is projected to be within the reach of upcoming stage IV CMB experiments. We also consider the production
of dark matter through Hawking radiation in a black hole dominated early universe, finding that the measured dark
matter abundance can be easily accommodated if the mass of the dark matter candidate lies in the range between
mDM ⇠ 109 GeV and the Planck scale.

II. BLACK HOLES IN THE EARLY UNIVERSE

A. Evaporation Preliminaries
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where wi = 2si + 1 for massive particles of spin si, wi = 2 for massless particles with si > 0, and wi = 1 for si = 0
species. At BH temperatures well above the electroweak scale BH evaporation emits the full SM particle spectrum
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Although black holes can undergo mergers to form larger black holes and gain mass through accretion in the early
universe, we expect these processes to play an important role only at very early times, corresponding to T >

⇠ 108 GeV
⇥(108 g/MBH)3/4 (see Appendices A and B). With this in mind, one can think of the quantity, Mi, as the mass of a
given black hole after these processes have ceased to be e�cient.
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dark radiation at a level that can naturally address the tension between late and early-time Hubble determinations,
�Ne↵ ⇠ 0.03 � 0.2 for each light and decoupled species of spin 0, 1/2, or 1.

The null results of direct detection [43–45] and collider searches for dark matter provide us with motivation to
consider dark matter candidates that were never in thermal equilibrium in the early universe, but that were instead
produced through other mechanisms, such as misalignment production [46–48], out-of-equilibrium decays [49–53],
or gravitational production during inflation [54–56]. Hawking evaporation is a theoretically well motivated way to
generate dark matter particles that would not lead to observable signals in existing experiments. As we will show,
very heavy dark matter candidates (mDM

>
⇠ 109 GeV) can naturally be generated with the measured abundance in

scenarios in which the early universe included a black hole dominated era.
In this paper, we revisit primordial black holes in the early universe, focusing on scenarios which include a black

hole dominated era prior to BBN. In such scenarios, we find that the products of Hawking evaporation can naturally
contribute substantially to the abundance of dark radiation, at a level of �Ne↵ ⇠ 0.03 � 0.2 for each light and
decoupled species. An abundance of dark radiation in this range would help to relax the reported Hubble tension,
and is projected to be within the reach of upcoming stage IV CMB experiments. We also consider the production
of dark matter through Hawking radiation in a black hole dominated early universe, finding that the measured dark
matter abundance can be easily accommodated if the mass of the dark matter candidate lies in the range between
mDM ⇠ 109 GeV and the Planck scale.
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dark radiation at a level that can naturally address the tension between late and early-time Hubble determinations,
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consider dark matter candidates that were never in thermal equilibrium in the early universe, but that were instead
produced through other mechanisms, such as misalignment production [46–48], out-of-equilibrium decays [49–53],
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given black hole after these processes have ceased to be e�cient.
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dark radiation at a level that can naturally address the tension between late and early-time Hubble determinations,
�Ne↵ ⇠ 0.03 � 0.2 for each light and decoupled species of spin 0, 1/2, or 1.

The null results of direct detection [43–45] and collider searches for dark matter provide us with motivation to
consider dark matter candidates that were never in thermal equilibrium in the early universe, but that were instead
produced through other mechanisms, such as misalignment production [46–48], out-of-equilibrium decays [49–53],
or gravitational production during inflation [54–56]. Hawking evaporation is a theoretically well motivated way to
generate dark matter particles that would not lead to observable signals in existing experiments. As we will show,
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decoupled species. An abundance of dark radiation in this range would help to relax the reported Hubble tension,
and is projected to be within the reach of upcoming stage IV CMB experiments. We also consider the production
of dark matter through Hawking radiation in a black hole dominated early universe, finding that the measured dark
matter abundance can be easily accommodated if the mass of the dark matter candidate lies in the range between
mDM ⇠ 109 GeV and the Planck scale.
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where wi = 2si + 1 for massive particles of spin si, wi = 2 for massless particles with si > 0, and wi = 1 for si = 0
species. At BH temperatures well above the electroweak scale BH evaporation emits the full SM particle spectrum
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Assuming g?,H(TBH) is approximately constant (which is always true for BH that evaporate entirely to SM radiation
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Although black holes can undergo mergers to form larger black holes and gain mass through accretion in the early
universe, we expect these processes to play an important role only at very early times, corresponding to T >
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⇥(108 g/MBH)3/4 (see Appendices A and B). With this in mind, one can think of the quantity, Mi, as the mass of a
given black hole after these processes have ceased to be e�cient.
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ṀBH

→ 4s

(
Mi

108 g

)3

Black holes emit particles with “gray body”  
spectrum set by Hawking temperature 



EM Particle Emission in Late Universe 
11

BBN

C
M
B

EG
B

V
O
Y
A
G
ER

HSC
EROS
OGLE

OGLEhc

LVK

CMBa

DE
XB

DG

LS
S

PLANCK

LVK

OGLE
SN
e

10-24 10-22 10-20 10-18 10-16 10-14 10-12 10-10 10-8 10-6 10-4 10-2 1 102 104 106 108 1010 1012 1014 1016 1018 1020

10-10

10-8

10-6

10-4

10-2

1

MPBH/M⊙

f P
BH

FIG. 4. Compilation of constraints for monochromatic PBH mass functions (bold) and some relevant potential evidence
(dashed) (SNE [234], OGLE [11], LVK [89]). Only the dominant constraint in each mass range is labelled. The vertical dashed
line on the left indicates the PBH mass that would complete its evaporation today, while the vertical dashed line on the right
corresponds to the horizon mass at the time of CMB formation.

Moreover, the anticipated clustering of evaporating PBHs within our halo should produce a Galactic ω-ray back-
ground, distinguishable from the uniform extragalactic background. Ref. [227] claimed that a galactic background
had been detected in EGRET observations and attributed this to PBHs. Later analysis of EGRET data, assuming
a variety of PBH distributions, reassessed this limit by including a realistic model for the PBH mass spectrum and
a more precise relationship between the initial and current PBH mass, leading to constraints on the PBH popula-
tion [228, 229].

Another observable signature of PBH explosions is the production of extremely energetic particles. Recently,
the KM3NeT collaboration reported the detection of the most energetic neutrino to date, with an energy of about
100 PeV [230]. One possible interpretation of this event is that it originated from the explosion of a PBH [231–233].

B Lensing

1 Constraints

PBHs can be sought in the present universe through their lensing e!ects. The most prominent of these is mi-
crolensing (ML), which manifests as a temporary brightening of background stars when compact objects traverse
their line of sight [235]. Since the 1990s, several observational campaigns have monitored the brightness of stars in the
Magellanic Clouds, the Galactic bulge, and M31. Currently, the constraints arising from MACHO [236], EROS [237],
Kepler [238], Subaru/HSC [239] and OGLE [240–242] ML surveys6 cover a broad mass range and it has been claimed
that this excludes PBHs with 10→10 → 103 M↑ making up more than 1% of the DM halo mass. The low-mass end
of this range is associated with wave-optics and finite-source-size e!ects that suppress the amplification, while the
high-mass end is associated with the long duration of the ML events. These constraints have been extended to higher
masses by using lensing of supernovae [245] and GW events observed by LVK [246]. The former relies on estimates
of the supernova luminosities, while the latter is based on the frequency dependence of the lensing e!ect.

The ML constraints can change if the PBHs are initially clustered [247, 248]. However, the amount of clustering
required to have a significant e!ect on lensing will a!ect structure formation and is in conflict with Lyman-ε con-
straints [249]. Consequently, ML constraints remain largely unchanged in models with phenomenologically viable
initial clustering.

ML constraints depend sensitively on the assumed DM density profile and velocity dispersion in the Milky Way [250,
251]. It has been claimed that these constraints may be relaxed by up to two orders of magnitude [252], although
Ref. [242] argues that the profiles used here are inconsistent with observations of the Milky Way rotation curve.

6 The validity of the recent analysis by the OGLE collaboration has been challenged and is discussed in Refs. [243, 244].

Carr (1975)   Page, Hawking, (1976), MacGibbon, Carr (1989)

,

Near this edge, PBH lifetime ~ 10 Gyr with  T ~ MeV
Emission of gamma rays, electrons, positrons, neutrinos
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Spectrum of PBH evaporation products can match GCE 
… but need late-time formation of fast-evaporating PBH 

Longstanding excess of gamma rays in galactic center 
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Neutrino Emission in the Late Universe 
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Evaporation near end of PBH  life can emit high energy neutrinos.
If PBH  sufficiently nearby, can explain ~ 100 PeV  KM3NeT event 
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Some tension with EM particle fluxes
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FIG. 4. Compilation of constraints for monochromatic PBH mass functions (bold) and some relevant potential evidence
(dashed) (SNE [234], OGLE [11], LVK [89]). Only the dominant constraint in each mass range is labelled. The vertical dashed
line on the left indicates the PBH mass that would complete its evaporation today, while the vertical dashed line on the right
corresponds to the horizon mass at the time of CMB formation.

Moreover, the anticipated clustering of evaporating PBHs within our halo should produce a Galactic ω-ray back-
ground, distinguishable from the uniform extragalactic background. Ref. [227] claimed that a galactic background
had been detected in EGRET observations and attributed this to PBHs. Later analysis of EGRET data, assuming
a variety of PBH distributions, reassessed this limit by including a realistic model for the PBH mass spectrum and
a more precise relationship between the initial and current PBH mass, leading to constraints on the PBH popula-
tion [228, 229].

Another observable signature of PBH explosions is the production of extremely energetic particles. Recently,
the KM3NeT collaboration reported the detection of the most energetic neutrino to date, with an energy of about
100 PeV [230]. One possible interpretation of this event is that it originated from the explosion of a PBH [231–233].

B Lensing

1 Constraints

PBHs can be sought in the present universe through their lensing e!ects. The most prominent of these is mi-
crolensing (ML), which manifests as a temporary brightening of background stars when compact objects traverse
their line of sight [235]. Since the 1990s, several observational campaigns have monitored the brightness of stars in the
Magellanic Clouds, the Galactic bulge, and M31. Currently, the constraints arising from MACHO [236], EROS [237],
Kepler [238], Subaru/HSC [239] and OGLE [240–242] ML surveys6 cover a broad mass range and it has been claimed
that this excludes PBHs with 10→10 → 103 M↑ making up more than 1% of the DM halo mass. The low-mass end
of this range is associated with wave-optics and finite-source-size e!ects that suppress the amplification, while the
high-mass end is associated with the long duration of the ML events. These constraints have been extended to higher
masses by using lensing of supernovae [245] and GW events observed by LVK [246]. The former relies on estimates
of the supernova luminosities, while the latter is based on the frequency dependence of the lensing e!ect.

The ML constraints can change if the PBHs are initially clustered [247, 248]. However, the amount of clustering
required to have a significant e!ect on lensing will a!ect structure formation and is in conflict with Lyman-ε con-
straints [249]. Consequently, ML constraints remain largely unchanged in models with phenomenologically viable
initial clustering.

ML constraints depend sensitively on the assumed DM density profile and velocity dispersion in the Milky Way [250,
251]. It has been claimed that these constraints may be relaxed by up to two orders of magnitude [252], although
Ref. [242] argues that the profiles used here are inconsistent with observations of the Milky Way rotation curve.

6 The validity of the recent analysis by the OGLE collaboration has been challenged and is discussed in Refs. [243, 244].
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FIG. 4. Compilation of constraints for monochromatic PBH mass functions (bold) and some relevant potential evidence
(dashed) (SNE [234], OGLE [11], LVK [89]). Only the dominant constraint in each mass range is labelled. The vertical dashed
line on the left indicates the PBH mass that would complete its evaporation today, while the vertical dashed line on the right
corresponds to the horizon mass at the time of CMB formation.

Moreover, the anticipated clustering of evaporating PBHs within our halo should produce a Galactic ω-ray back-
ground, distinguishable from the uniform extragalactic background. Ref. [227] claimed that a galactic background
had been detected in EGRET observations and attributed this to PBHs. Later analysis of EGRET data, assuming
a variety of PBH distributions, reassessed this limit by including a realistic model for the PBH mass spectrum and
a more precise relationship between the initial and current PBH mass, leading to constraints on the PBH popula-
tion [228, 229].

Another observable signature of PBH explosions is the production of extremely energetic particles. Recently,
the KM3NeT collaboration reported the detection of the most energetic neutrino to date, with an energy of about
100 PeV [230]. One possible interpretation of this event is that it originated from the explosion of a PBH [231–233].

B Lensing

1 Constraints

PBHs can be sought in the present universe through their lensing e!ects. The most prominent of these is mi-
crolensing (ML), which manifests as a temporary brightening of background stars when compact objects traverse
their line of sight [235]. Since the 1990s, several observational campaigns have monitored the brightness of stars in the
Magellanic Clouds, the Galactic bulge, and M31. Currently, the constraints arising from MACHO [236], EROS [237],
Kepler [238], Subaru/HSC [239] and OGLE [240–242] ML surveys6 cover a broad mass range and it has been claimed
that this excludes PBHs with 10→10 → 103 M↑ making up more than 1% of the DM halo mass. The low-mass end
of this range is associated with wave-optics and finite-source-size e!ects that suppress the amplification, while the
high-mass end is associated with the long duration of the ML events. These constraints have been extended to higher
masses by using lensing of supernovae [245] and GW events observed by LVK [246]. The former relies on estimates
of the supernova luminosities, while the latter is based on the frequency dependence of the lensing e!ect.

The ML constraints can change if the PBHs are initially clustered [247, 248]. However, the amount of clustering
required to have a significant e!ect on lensing will a!ect structure formation and is in conflict with Lyman-ε con-
straints [249]. Consequently, ML constraints remain largely unchanged in models with phenomenologically viable
initial clustering.

ML constraints depend sensitively on the assumed DM density profile and velocity dispersion in the Milky Way [250,
251]. It has been claimed that these constraints may be relaxed by up to two orders of magnitude [252], although
Ref. [242] argues that the profiles used here are inconsistent with observations of the Milky Way rotation curve.

6 The validity of the recent analysis by the OGLE collaboration has been challenged and is discussed in Refs. [243, 244].
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FIG. 4. Compilation of constraints for monochromatic PBH mass functions (bold) and some relevant potential evidence
(dashed) (SNE [234], OGLE [11], LVK [89]). Only the dominant constraint in each mass range is labelled. The vertical dashed
line on the left indicates the PBH mass that would complete its evaporation today, while the vertical dashed line on the right
corresponds to the horizon mass at the time of CMB formation.

Moreover, the anticipated clustering of evaporating PBHs within our halo should produce a Galactic ω-ray back-
ground, distinguishable from the uniform extragalactic background. Ref. [227] claimed that a galactic background
had been detected in EGRET observations and attributed this to PBHs. Later analysis of EGRET data, assuming
a variety of PBH distributions, reassessed this limit by including a realistic model for the PBH mass spectrum and
a more precise relationship between the initial and current PBH mass, leading to constraints on the PBH popula-
tion [228, 229].

Another observable signature of PBH explosions is the production of extremely energetic particles. Recently,
the KM3NeT collaboration reported the detection of the most energetic neutrino to date, with an energy of about
100 PeV [230]. One possible interpretation of this event is that it originated from the explosion of a PBH [231–233].

B Lensing

1 Constraints

PBHs can be sought in the present universe through their lensing e!ects. The most prominent of these is mi-
crolensing (ML), which manifests as a temporary brightening of background stars when compact objects traverse
their line of sight [235]. Since the 1990s, several observational campaigns have monitored the brightness of stars in the
Magellanic Clouds, the Galactic bulge, and M31. Currently, the constraints arising from MACHO [236], EROS [237],
Kepler [238], Subaru/HSC [239] and OGLE [240–242] ML surveys6 cover a broad mass range and it has been claimed
that this excludes PBHs with 10→10 → 103 M↑ making up more than 1% of the DM halo mass. The low-mass end
of this range is associated with wave-optics and finite-source-size e!ects that suppress the amplification, while the
high-mass end is associated with the long duration of the ML events. These constraints have been extended to higher
masses by using lensing of supernovae [245] and GW events observed by LVK [246]. The former relies on estimates
of the supernova luminosities, while the latter is based on the frequency dependence of the lensing e!ect.

The ML constraints can change if the PBHs are initially clustered [247, 248]. However, the amount of clustering
required to have a significant e!ect on lensing will a!ect structure formation and is in conflict with Lyman-ε con-
straints [249]. Consequently, ML constraints remain largely unchanged in models with phenomenologically viable
initial clustering.

ML constraints depend sensitively on the assumed DM density profile and velocity dispersion in the Milky Way [250,
251]. It has been claimed that these constraints may be relaxed by up to two orders of magnitude [252], although
Ref. [242] argues that the profiles used here are inconsistent with observations of the Milky Way rotation curve.

6 The validity of the recent analysis by the OGLE collaboration has been challenged and is discussed in Refs. [243, 244].
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"Never let a good crisis go to waste" 
Rahm Emanuel (Former Chicago Mayor)
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FIG. 4. Compilation of constraints for monochromatic PBH mass functions (bold) and some relevant potential evidence
(dashed) (SNE [234], OGLE [11], LVK [89]). Only the dominant constraint in each mass range is labelled. The vertical dashed
line on the left indicates the PBH mass that would complete its evaporation today, while the vertical dashed line on the right
corresponds to the horizon mass at the time of CMB formation.

Moreover, the anticipated clustering of evaporating PBHs within our halo should produce a Galactic ω-ray back-
ground, distinguishable from the uniform extragalactic background. Ref. [227] claimed that a galactic background
had been detected in EGRET observations and attributed this to PBHs. Later analysis of EGRET data, assuming
a variety of PBH distributions, reassessed this limit by including a realistic model for the PBH mass spectrum and
a more precise relationship between the initial and current PBH mass, leading to constraints on the PBH popula-
tion [228, 229].

Another observable signature of PBH explosions is the production of extremely energetic particles. Recently,
the KM3NeT collaboration reported the detection of the most energetic neutrino to date, with an energy of about
100 PeV [230]. One possible interpretation of this event is that it originated from the explosion of a PBH [231–233].

B Lensing

1 Constraints

PBHs can be sought in the present universe through their lensing e!ects. The most prominent of these is mi-
crolensing (ML), which manifests as a temporary brightening of background stars when compact objects traverse
their line of sight [235]. Since the 1990s, several observational campaigns have monitored the brightness of stars in the
Magellanic Clouds, the Galactic bulge, and M31. Currently, the constraints arising from MACHO [236], EROS [237],
Kepler [238], Subaru/HSC [239] and OGLE [240–242] ML surveys6 cover a broad mass range and it has been claimed
that this excludes PBHs with 10→10 → 103 M↑ making up more than 1% of the DM halo mass. The low-mass end
of this range is associated with wave-optics and finite-source-size e!ects that suppress the amplification, while the
high-mass end is associated with the long duration of the ML events. These constraints have been extended to higher
masses by using lensing of supernovae [245] and GW events observed by LVK [246]. The former relies on estimates
of the supernova luminosities, while the latter is based on the frequency dependence of the lensing e!ect.

The ML constraints can change if the PBHs are initially clustered [247, 248]. However, the amount of clustering
required to have a significant e!ect on lensing will a!ect structure formation and is in conflict with Lyman-ε con-
straints [249]. Consequently, ML constraints remain largely unchanged in models with phenomenologically viable
initial clustering.

ML constraints depend sensitively on the assumed DM density profile and velocity dispersion in the Milky Way [250,
251]. It has been claimed that these constraints may be relaxed by up to two orders of magnitude [252], although
Ref. [242] argues that the profiles used here are inconsistent with observations of the Milky Way rotation curve.

6 The validity of the recent analysis by the OGLE collaboration has been challenged and is discussed in Refs. [243, 244].

Viable and natural
for nearly any initial abundance

 fine tuned

If evaporation occurs before BBN, PBH can dominate the universe  😎 

There’s Just One Problem…Opportunity!

“When they go high, we go low”
Al Capone*
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1. Very light PBH naturally dominate universe (tiny abundance is enough!)

2. Hawking radiation thermalizes to restore thermal bath before BBN

PBH Domination

Figure 1. Evolution of cosmic energy density in radiation-dominated (left) and black-hole-dominated
(right) scenarios. For any black-hole formation mass, there is a threshold value of the initial abundance
ω above which black-hole domination will always occur.

Figure 2. Primordial black hole parameter space. The black-hole formation mass MBH,i ranges from
a lower limit of → 1 g given the minimum Hubble mass from Planck constraints on the tensor-to-
scalar-ratio, to an upper limit of → 5↑ 108 g in order for the black holes to evaporate by BBN. In the
blue shaded region, black holes will dominate the cosmic energy density before they evaporate. The
dashed green line is a model-dependent upper limit on the black-hole abundance from constraints on
gravitational waves produced when they evaporate. The stars mark the parameters used in Figure 1.

negligible early in the black-hole lifetime, so εBH and εR initially redshift as a
→3 and a

→4,
as usual for non-relativistic and relativistic matter. Eventually, Hawking radiation becomes
significant and the black holes are converted into radiation. In the left panel, the initial
black-hole abundance is so small that the universe remains radiation dominated throughout
black-hole evaporation. In the right panel, the black-hole energy density overtakes radiation
and dominates the total energy for most of the black-hole lifetime.

The scenario in the right panel of Figure 1 is called black-hole domination, and it is
generic: for any formation mass, there is a threshold value of ω above which black-hole
domination will always occur. If primordial black holes form from gravitational collapse of

– 8 –
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3. Nearly every prediction is set by PBH mass

Hooper, GK, McDermott 1905.01301 Morrison, Profumo, Yu 1812.10606



PBH Domination
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FIG. 1. In the left frame, we show the contribution to the e↵ective number of neutrino species from Hawking evaporation in
a scenario in which the early universe included a black hole dominated era. Results are shown for a single, light decoupled
state that is either a Dirac fermion, Weyl Fermion, real scalar, massive vector, or massless spin-2 graviton, as a function of the
temperature of the universe after black hole evaporation. Also shown are the current constraints [28] as well as the projected
sensitivity of stage IV CMB measurements [81–83]. For �Ne↵ ⇠ 0.1�0.3 the tension between the value of the Hubble constant
as determined from local measurements and as inferred from the temperature anisotropies in the cosmic microwave background
can be substantially relaxed [25–27]. In the right frame, we show the relationship between the initial mass of the black holes
and the temperature of the universe following their evaporation, assuming black hole domination.

where N⌫ ' 3.046 is the e↵ective number of SM neutrinos and we have used Eqs. (8) and (16). Thus, entropy
conservation yields

TEQ

TRH

=

✓
aRH

aEQ

◆✓
g?,S(TRH)

g?,S(TEQ)

◆1/3

, (19)

and the energy density in SM radiation is diluted by the following factor:
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◆
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Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes

⇢DR(TEQ)

⇢R(TEQ)
=

✓
gDR,H

g?,H
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g?(TEQ) g?,S(TRH)1/3

◆
, (21)

which is related to the e↵ective number of neutrino species via
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For high reheat temperatures, we thus have

�Ne↵ ⇡ 0.10

✓
gDR,H

4

◆✓
106

g?(TRH)

◆1/3

, (23)

which is one of our main results. Using Eq. (23) we see that, unlike relativistic thermal relics in equilibrium with
the SM radiation bath, �Ne↵ . 0.2 for any individual decoupled species produced via Hawking radiation, including
Dirac fermions. This conclusion holds even for low values of TRH ⌧ 100 GeV because the BH “branching fraction”
into dark radiation scales as gDR,H(TBH)/g?,H(TBH) and TBH � 100 GeV is always satisfied for BH masses that fully
evaporate before BBN (⌧ ⌧ sec), so the relative DR contribution is always diluted by a factor of g?,H(TBH) ' 108.
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Hubble rate matter dominated  

Boltzmann system

At evaporation time 
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FIG. 3. The values of the black hole energy fraction ⇢BH/⇢R (evaluated at T = 1010 GeV) and initial black hole mass Mi that
lead to ⌦DMh2 ' 0.1 for the case of dark matter in the form of a Dirac fermion with negligible couplings to the SM. Throughout
the upper right portion of this plane, the early universe included a period in which black holes dominated the total energy
density, and thus the results do not depend on the initial value of ⇢BH/⇢R.

an era of black hole domination, the evaporation of the black holes leads to the following abundance of dark matter:
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⇡ 0.1
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gDM,H

4

◆✓
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mDM
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108 g

Mi

◆5/2

. (25)

From Eq. (11), if the initial density ratio satisfies ⇢BH,i/⇢R,i . 4 ⇥ 10�12
⇥ (1010 GeV/Ti)(108g/Mi)3/2, the BH

population never dominates the total energy density of the universe. In this case, the evaporation of the black holes
leads to the following abundance of dark matter:

⌦DMh
2

⇡ 0.1
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fi(1010 GeV)

8 ⇥ 10�14

◆✓
gDM,H

4

◆✓
109 GeV

mDM
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108 g

Mi

◆
. (26)

In Fig. 2 we show two examples of the evolution of energy densities in radiation, black holes, and dark matter (as
produced via Hawking radiation). In the left frame, we start our Boltzmann code (at T = 1010 GeV) with only a
small abundance of black holes, fi ⌘ ⇢R/⇢BH = 10�14. In this case, the universe never becomes black hole dominated,
and the Hawking evaporation of Dirac fermions with a mass of 109 GeV make up the measured abundance of dark
matter. In the right frame, we instead consider a case in which the early universe becomes black hole dominated,
for which a heavier dark matter candidate is required. In each frame, we consider black holes with an initial mass of
Mi = 108 g.

In Fig. 3, we show the values of ⇢BH/⇢R (evaluated at T = 1010 GeV) and the initial black hole mass that lead to
⌦DMh

2
' 0.1, for the case of dark matter in the form of a Dirac fermion with negligible couplings to the SM. In the

upper right (lower left) portion of this plane, the early universe included (did not include) a period in which black
holes dominated the total energy density.

Next, we consider the case in which each black hole ends the process of evaporation leaving behind a remnant of
mass Mremnant = ⌘MPl [86–88]. In a scenario in which black holes never dominate the energy density of the universe,
the black holes lead to the following abundance of such remnants:
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2

⇡ 0.1 ⇥

✓
⌘

1

◆✓
fi(1010 GeV)

1.5 ⇥ 10�6

◆✓
108 g

Mi

◆
. (27)

In the opposite limit, in which there was a black hole dominated era, the evaporation of the black holes leads to
the following abundance of Planck mass remnants:

⌦remnanth
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⇡ 0.1 ⇥

✓
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1
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6 ⇥ 105 g

Mi

◆5/2

. (28)
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FIG. 3. The values of the black hole energy fraction ⇢BH/⇢R (evaluated at T = 1010 GeV) and initial black hole mass Mi that
lead to ⌦DMh2 ' 0.1 for the case of dark matter in the form of a Dirac fermion with negligible couplings to the SM. Throughout
the upper right portion of this plane, the early universe included a period in which black holes dominated the total energy
density, and thus the results do not depend on the initial value of ⇢BH/⇢R.

an era of black hole domination, the evaporation of the black holes leads to the following abundance of dark matter:
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From Eq. (11), if the initial density ratio satisfies ⇢BH,i/⇢R,i . 4 ⇥ 10�12
⇥ (1010 GeV/Ti)(108g/Mi)3/2, the BH

population never dominates the total energy density of the universe. In this case, the evaporation of the black holes
leads to the following abundance of dark matter:
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In Fig. 2 we show two examples of the evolution of energy densities in radiation, black holes, and dark matter (as
produced via Hawking radiation). In the left frame, we start our Boltzmann code (at T = 1010 GeV) with only a
small abundance of black holes, fi ⌘ ⇢R/⇢BH = 10�14. In this case, the universe never becomes black hole dominated,
and the Hawking evaporation of Dirac fermions with a mass of 109 GeV make up the measured abundance of dark
matter. In the right frame, we instead consider a case in which the early universe becomes black hole dominated,
for which a heavier dark matter candidate is required. In each frame, we consider black holes with an initial mass of
Mi = 108 g.

In Fig. 3, we show the values of ⇢BH/⇢R (evaluated at T = 1010 GeV) and the initial black hole mass that lead to
⌦DMh

2
' 0.1, for the case of dark matter in the form of a Dirac fermion with negligible couplings to the SM. In the

upper right (lower left) portion of this plane, the early universe included (did not include) a period in which black
holes dominated the total energy density.

Next, we consider the case in which each black hole ends the process of evaporation leaving behind a remnant of
mass Mremnant = ⌘MPl [86–88]. In a scenario in which black holes never dominate the energy density of the universe,
the black holes lead to the following abundance of such remnants:
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In the opposite limit, in which there was a black hole dominated era, the evaporation of the black holes leads to
the following abundance of Planck mass remnants:

⌦remnanth
2

⇡ 0.1 ⇥

✓
⌘

1

◆✓
6 ⇥ 105 g

Mi

◆5/2

. (28)
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FIG. 5. Contributions to �Ne↵ from early universe Hawking evaporation, for a variety of hypothetical light and decoupled
particle species, assuming Schwarzschild (left) and Kerr (center and right) BH domination at some point prior to BBN. Note
that these plots do not assume that the universe was initially dominated by BHs, but only that BH domination occured at

some point between inflation and BBN. The left panel is adapted from Ref. [29] and the Kerr contributions (center and right
panels) is one of the main results of this paper. In the center frame, we adopt a distribution of angular momenta that peaks
at a? ⇠ 0.7, as predicted for BHs that have undergone a merger [41]. In the right frame, we show results for the case of a
population of BHs with very large initial spins, a? = 0.99. In each case, the contribution from a single massive vector is the
sum of the contributions from a scalar and a massless vector.

VI. THE GRAVITATIONAL WAVE SPECTRUM

Gravitational waves are generated throughout the stages of inspiral, merger and ring-down, producing the following
respective contributions [72–74]:
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(34)

where fM ' 8 ⇥ 1036 Hz(g/M1 + M2) is the merger frequency and fRD ' 4.5fM is the ring down frequency.
The spectrum is then redshifted from the time of the mergers to the present epoch, by a factor of 1 + z =
(Tevap/TCMB)(g?S(Tevap)/g?S(TCMB))1/3, where TCMB is the current temperature of the CMB.

In Fig. 6, we show the spectrum of the stochastic gravitational wave background from BH mergers in the early
universe, assuming 1) BHs dominate the energy density at the time of their mergers, and 2) the mergers take place
immediately prior to the BHs’ evaporation. Departures from this second assumption result in a redshifting toward
lower frequencies and an additional suppression by a factor of (tI/⌧)2/3; see Eqn. (29). The predicted gravitational
wave spectra are compared to the projected sensitivity of various gravitational wave experiments, including LIGO [75],
LISA [76], the Einstein Telescope (ET) [77, 78], and the Big Bang Observer (BBO) [79, 80]. In the most optimistic
scenarios, we find that a future space-based experiment on the scale of BBO could potentially observe the stochastic
background of gravitational waves predicted from BH mergers in the early universe. We present these results in terms
of the quantity ⌦GW, which is related to dE/df and the critical density as follows:

⌦GW(f) =
1

⇢c

d⇢GW

d ln f
, (35)

where ⇢c = (3H2

0
M2

P
/8⇡) is the present day critical density.

For the gravitational wave spectra predicted in this class of scenarios, detectors optimized for their sensitivity to
high-frequency gravitational waves may be promising [81–84]. We leave further exploration of this topic to future
work.
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FIG. 5. Contributions to �Ne↵ from early universe Hawking evaporation, for a variety of hypothetical light and decoupled
particle species, assuming Schwarzschild (left) and Kerr (center and right) BH domination at some point prior to BBN. Note
that these plots do not assume that the universe was initially dominated by BHs, but only that BH domination occured at

some point between inflation and BBN. The left panel is adapted from Ref. [29] and the Kerr contributions (center and right
panels) is one of the main results of this paper. In the center frame, we adopt a distribution of angular momenta that peaks
at a? ⇠ 0.7, as predicted for BHs that have undergone a merger [41]. In the right frame, we show results for the case of a
population of BHs with very large initial spins, a? = 0.99. In each case, the contribution from a single massive vector is the
sum of the contributions from a scalar and a massless vector.

VI. THE GRAVITATIONAL WAVE SPECTRUM

Gravitational waves are generated throughout the stages of inspiral, merger and ring-down, producing the following
respective contributions [72–74]:
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where fM ' 8 ⇥ 1036 Hz(g/M1 + M2) is the merger frequency and fRD ' 4.5fM is the ring down frequency.
The spectrum is then redshifted from the time of the mergers to the present epoch, by a factor of 1 + z =
(Tevap/TCMB)(g?S(Tevap)/g?S(TCMB))1/3, where TCMB is the current temperature of the CMB.

In Fig. 6, we show the spectrum of the stochastic gravitational wave background from BH mergers in the early
universe, assuming 1) BHs dominate the energy density at the time of their mergers, and 2) the mergers take place
immediately prior to the BHs’ evaporation. Departures from this second assumption result in a redshifting toward
lower frequencies and an additional suppression by a factor of (tI/⌧)2/3; see Eqn. (29). The predicted gravitational
wave spectra are compared to the projected sensitivity of various gravitational wave experiments, including LIGO [75],
LISA [76], the Einstein Telescope (ET) [77, 78], and the Big Bang Observer (BBO) [79, 80]. In the most optimistic
scenarios, we find that a future space-based experiment on the scale of BBO could potentially observe the stochastic
background of gravitational waves predicted from BH mergers in the early universe. We present these results in terms
of the quantity ⌦GW, which is related to dE/df and the critical density as follows:
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0
M2

P
/8⇡) is the present day critical density.

For the gravitational wave spectra predicted in this class of scenarios, detectors optimized for their sensitivity to
high-frequency gravitational waves may be promising [81–84]. We leave further exploration of this topic to future
work.
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Mergers During PBH Domination 
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FIG. 1. Example timeline describing the black hole domination scenario. At t = tform a subdominant population of PBHs forms
during radiation domination in the early universe. Since PBHs redshift like nonrelativistic matter, their energy fraction grows
linearly during this era and they dominate the energy budget at t = ti, which serves as the starting point for our analysis in
this paper. During PBH domination, density perturbations grow linearly with scale factor and PBH clusters begin to form.
Within a range of cluster masses, PBH mergers can be fast compared to Hubble expansion and consume most of the cluster
in a runaway merger. This process forms a sub-population of more massive, longer lived PBH relics which can survive past
t = ω when the original PBH population evaporates due to Hawking emission. Thus, even though the original PBH population
evaporates before BBN, the relic population can have important consequences for BBN and CMB observables and may also
survive into the later universe. This sequence of events gives rise to gravitational waves from the PBH mergers, the Hawking
emission at evaporation, and from second order scalar perturbations.

BHD and even excludes certain regions of parameter space
in which many PBHs grow through mergers to survive
into the BBN and CMB eras.

Earlier work has considered clusters of cosmologically
stable PBH in the later universe after matter-radiation
equality [20–23], or focused on PBH mergers in the early
Universe without cluster formation (the “quasi-linear
regime”) [7–10, 21, 24–28], while Refs. [28, 29] explored
the formation of heavier PBH from strongly clustered
lighter ones (clusteringenesis), but did not specify a mech-
anism for this enhanced initial clustering at PBH forma-
tion. Ref. [30] studied PBH formation from the growth
of density perturbations in PBH domination but did not
consider mergers in PBH clusters. Black hole mergers in
clusters have also been studied in the context of building
supermassive black holes in galaxies [31–33]. Our analysis
is complementary as we consider evaporating PBHs with
m < 109 g and calculate their clustering behavior in the
early universe in a BHD era, which has not been studied
before.

This paper is organized as follows. In Section II we
review the cosmological aspects of PBH domination and
evaporation. In Sec. III we describe PBH cluster for-
mation and the internal dynamics of these clusters. In
Sec. IV we calculate the evolution of PBH mass distri-

bution due to mergers in clusters. In Sec. V we discuss
the observational consequences of BHD with clustering,
including contributions to dark matter, dark radiation,
and primordial gravitational waves (GW). Throughout
our analysis we use natural units where ⊋ = c = kB = 1.

II. COSMOLOGY OF PBH DOMINATION

In this section, we motivate the BHD as a generic cosmic
epoch that results from enhanced small-scale curvature
perturbations in the early Universe. The main results of
our work do not depend on the details of how PBHs were
formed or came to dominate the early universe but only
depend on the initial conditions such as the initial time of
BHD and the original BH mass. Our discussion follows the
sequence of steps depicted schematically on the timeline
in Fig. 1, highlighting several important timescales that
govern the cosmological evolution in BHD:

1. Formation: the initial PBH population is created
after inflation at some time t = tform. Although our
results are presented independently of the details of
the formation mechanism, if the PBHs form from
collapsing inflationary perturbations during radia-
tion domination (reviewed below in Sec. II B), then

Holst, GK, Xiao 2412.01890
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FIG. 5. In this set of plots, we present the (mi, ti) parameter space of PBH domination, and various phenomenological results.
The gray regions are not physically viable as the PBHs either evaporate before initial domination or have an initial mass
larger than the horizon mass. Elsewhere, the parameter space allows for BH domination and clustering. We present di!erent
information on di!erent plots. On the upper left, we plot the parameter space ruled out by observational bounds on Hawking
evaporation from the relics that form for a given mi, ti combination. On the upper right, we present contours of the maximum
mass of the final merged PBH relics. On the lower left, we plot the relic BH density compared to the dark matter density (fBH)
at t = ω , just after the original PBH population evaporates and only the relics are left. Accounting for the evaporation of BHs,
on the lower right we plot fBH of merged relics at the present time.
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FIG. 4. The mass function of merged relic PBHs for two choices of free parameters. Initially, all the PBHs have the same
mass mi, shown in green ↭. The blue ↭ and red ↭ curves show the initial and present-day mass functions of merged relics,
which clearly shows the mass growth from runaway mergers. Superimposed in blue ↭ are observational bounds on evaporating
BHs from BBN [3], CMB [5], the extragalactic gamma-ray background (EGB) [3] and Voyager e± [76]. Both choices of PBH
parameters are ruled out by observations because they produce too many evaporating relic BHs, particularly during BBN or
CMB emission. Note that the plot visually compares limits on fBH to the logarithmic mass distribution dfBH/d logm, but the
proper comparison is made with Eq. (60).

where f
max

BH
(m) is the observational limit on the PBH

fraction assuming a monochromatic mass function.

Figure 4 presents the mass distribution of merged relic
black holes at several points in time. The merged relics,
which mostly have masses smaller than 1015 g, will evapo-
rate and inject Standard Model radiation into the Universe
during the BBN and CMB eras, which is strongly con-
strained. Note that for PBHs with masses above 1015 g,
the evaporation timescale is long enough that they have
not completely evaporated, but they are in the process
of doing so, resulting in a new distribution of lighter
(m < 1015 g) BH relics in the current Universe, as pre-
sented in the red curve in Fig. 4.

The top left panel of Fig. 5 shows our main result:
the constraints on parameter space from applying the
criterion in Eq. (60) to the input parameters ti and mi

that characterize BHD. Note that for some free parameter
values, fBH → 1 initially, as shown in the lower left panel
of Fig. 5. However, the relic BHs in these cases are
insu!ciently massive to survive to the present day, so
they can viably account for fBH > 1 at early times and
then evaporate away well before matter-radiation equality,
ensuring that dark matter is not overproduced.

The shape of mass contours in the top right panel
of Fig. 5 can be understood from the di”erent cases in
Eq. (56). The lower vertical contours correspond to pa-
rameter space where N

max

col
> NH,i, such that the largest

merged relic mass is independent of ti. The slanted mid-
dle region of these contours corresponds to the opposite
regime, where N

max

col
< NH,i and m

max

relic
depends on both

mi and ti. The upper vertical portion corresponds to
the regime in Eq. (53) where m

max

relic
↑ mi because cluster

evaporation ejects all of the PBHs before any mergers can
occur, so the mass distribution is largely unchanged by
mergers.

In our scenario with a shot-noise power spectrum, it
is challenging to form merged relics in the asteroid mass
window. Furthermore, the region of parameter space
where it is possible to produce such relics that still exist
today (shown in the lower right plot of Fig. 5) is already
ruled out by evaporation constraints.

B. Gravitational Waves

Another observable in this scenario is gravitational
waves, which comes from several distinct sources as sum-
marized below.

Mergers in Clusters: In Ref. [10], it was found that,
under specific assumptions about PBH relative velocities
and initial separations during the BHD era, GWs from
the PBH mergers in the homogeneous background can ac-
count for an appreciable contribution to #Ne! ; there was
no attempt to consider clustering or merging during this

13

FIG. 4. The mass function of merged relic PBHs for two choices of free parameters. Initially, all the PBHs have the same
mass mi, shown in green ↭. The blue ↭ and red ↭ curves show the initial and present-day mass functions of merged relics,
which clearly shows the mass growth from runaway mergers. Superimposed in blue ↭ are observational bounds on evaporating
BHs from BBN [3], CMB [5], the extragalactic gamma-ray background (EGB) [3] and Voyager e± [76]. Both choices of PBH
parameters are ruled out by observations because they produce too many evaporating relic BHs, particularly during BBN or
CMB emission. Note that the plot visually compares limits on fBH to the logarithmic mass distribution dfBH/d logm, but the
proper comparison is made with Eq. (60).

where f
max

BH
(m) is the observational limit on the PBH

fraction assuming a monochromatic mass function.

Figure 4 presents the mass distribution of merged relic
black holes at several points in time. The merged relics,
which mostly have masses smaller than 1015 g, will evapo-
rate and inject Standard Model radiation into the Universe
during the BBN and CMB eras, which is strongly con-
strained. Note that for PBHs with masses above 1015 g,
the evaporation timescale is long enough that they have
not completely evaporated, but they are in the process
of doing so, resulting in a new distribution of lighter
(m < 1015 g) BH relics in the current Universe, as pre-
sented in the red curve in Fig. 4.

The top left panel of Fig. 5 shows our main result:
the constraints on parameter space from applying the
criterion in Eq. (60) to the input parameters ti and mi

that characterize BHD. Note that for some free parameter
values, fBH → 1 initially, as shown in the lower left panel
of Fig. 5. However, the relic BHs in these cases are
insu!ciently massive to survive to the present day, so
they can viably account for fBH > 1 at early times and
then evaporate away well before matter-radiation equality,
ensuring that dark matter is not overproduced.

The shape of mass contours in the top right panel
of Fig. 5 can be understood from the di”erent cases in
Eq. (56). The lower vertical contours correspond to pa-
rameter space where N

max

col
> NH,i, such that the largest

merged relic mass is independent of ti. The slanted mid-
dle region of these contours corresponds to the opposite
regime, where N

max

col
< NH,i and m

max

relic
depends on both

mi and ti. The upper vertical portion corresponds to
the regime in Eq. (53) where m

max

relic
↑ mi because cluster

evaporation ejects all of the PBHs before any mergers can
occur, so the mass distribution is largely unchanged by
mergers.

In our scenario with a shot-noise power spectrum, it
is challenging to form merged relics in the asteroid mass
window. Furthermore, the region of parameter space
where it is possible to produce such relics that still exist
today (shown in the lower right plot of Fig. 5) is already
ruled out by evaporation constraints.

B. Gravitational Waves

Another observable in this scenario is gravitational
waves, which comes from several distinct sources as sum-
marized below.

Mergers in Clusters: In Ref. [10], it was found that,
under specific assumptions about PBH relative velocities
and initial separations during the BHD era, GWs from
the PBH mergers in the homogeneous background can ac-
count for an appreciable contribution to #Ne! ; there was
no attempt to consider clustering or merging during this

First limits on this cosmology

During early matter domination, perturbations grow, haloes form 

Mergers During PBH Domination 
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We propose a novel cosmological scenario in which baryonic neutron stars could plausibly form
in the early universe. If baryogenesis initially produces an excessively-large baryon asymmetry,
YB → 10→10, the baryonic mass inside the horizon can exceed the minimum neutron star mass before
big bang nucleosynthesis (BBN). While this large asymmetry is present, non-relativistic baryons
can dominate the universe and enhanced density perturbations on small scales can gravitationally
collapse Hubble patches shortly after horizon re-entry. For some initial perturbations, just below the
threshold for black hole formation, this collapse will be arrested only by nuclear pressure, possibly
resulting in neutron star formation. Afterwards, there must be a large entropy injection to restore
the observed baryon asymmetry, YB ↑ 10→10, and preserve the successful predictions of standard
BBN. Unlike neutron stars that form from stellar collapse, primordial neutron stars can, in principle,
be as light as ↑ 0.1M↑, limited only by the nuclear equation of state.

I. INTRODUCTION

Neutron stars were originally proposed in 1934 by
Baade and Zwicky [1], and first observed in 1967 by Bell
and Hewish [2]. These compact objects are typically of
order the solar mass with → 10 km-scale radii and consist
mainly of degenerate neutrons whose decays are inhibited
by Pauli blocking. All known neutron stars are believed
to have formed from the end stage of stellar evolution,
during which a star with mass above the Chandrasekhar
limit of → 1.4M↑, exhausts its nuclear fuel and undergoes
gravitational collapse, arrested only by neutron degener-
acy pressure; for a review, see Ref. [3].

Although all observed black holes are also believed to
have formed from stellar collapse, pioneering work by
Novikov and Zel’dovich [4], and Carr and Hawking [5]
argued that black holes might also form from the col-
lapse of cosmological perturbations in the high-density
early universe. This scenario allows primordial black hole
(PBH) formation under a wide range of initial conditions,
provided that small-scale density perturbations exceed a
critical threshold at early times. For a reviews of PBH
formation, see Refs. [6, 7].

In this Letter, we show that primordial neutron stars
(PNS) may also form in the early universe if the following
conditions are satisfied: 1) baryogenesis initially creates
an excessively-large baryon asymmetry, 2) → 10 km scale
density perturbations are greatly enhanced, and 3) an en-
tropy transfer adjusts the baryon asymmetry to its cur-
rent value in between PNS formation and big bang nucle-
osynthesis (BBN). As long as the radiation temperature
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after the entropy injection remains below the quantum
chromodynamics (QCD) confinement scale, !QCD → 200
MeV, PNS may survive to the present day.

Our goal is not to demonstrate PNS formation from
first principles. Rather, we identify a set of cosmological
conditions under which such formation may be possible
and argue that the idea is su”ciently plausible to warrant
dedicated numerical study. In particular, our analysis
does not determine the nonlinear collapse outcome, the
precise threshold separating PBH and PNS collapse, or
the critical overdensity required to achieve hydrostatic
equilibrium.

II. BASIC INGREDIENTS

In order for PNS to form, the baryonic mass inside
the horizon must satisfy MB ↭ 0.1M↑ [8–11]. Standard
cosmology assumes that the early universe is consistently
radiation dominated after inflation with a baryon yield
YB → 10↓10 in between baryogenesis and BBN. Under
these assumptions, the horizon only contains su”cient
baryonic mass (MB) at late times, when

MB =
4ωmpsYB

3H3
↑ 0.3M↑

(
YB

10↓10

)(
500 keV

T

)3

, (1)

where mp is the proton mass, s is the entropy density,
and H is the Hubble rate. Thus, causality requires that
we wait until after BBN before any PNS could ever hope
to form.

However, structure formation after BBN is well un-
derstood: the first baryonic structures form around red-
shift z → 20 and neutron stars only form through stellar
evolution [12]. In principle, it might also be possible
to form neutron stars from collapsing primordial den-
sity perturbations at these late times, but realizing the
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FIG. 1. Schematic timeline of an example scenario that allows for primordial neutron star formation. Compared to standard
cosmology, this cosmic history invokes two new ingredients: a large baryon yield YB → 10→10 just after baryogenesis and
an early dark energy component whose later entropy injection restores radiation domination and yields the observed value
YB(aRH) = 8.7 ↑ 10→11 before BBN. At scale factor a = aBG a hot thermal bath with a large baryon asymmetry is created
with YB(aBG) → 10→10. At a = aQCD, corresponding to T = !QCD, the baryon number is confined into protons and neutrons
whose energy density begins to redshift like non-relativistic matter, eventually dominating the universe at a = aBD. During
baryon domination, the horizon mass MH exceeds the minimum value required for neutron star formation and horizon patches
with large overdensities collapse to form these objects. Finally, to ensure that YB acquires its observed value before BBN, there
must be an entropy transfer at a = aRH to significantly decrease YB .

order-unity overdensities required for collapse on cosmo-
logical scales conflicts with cosmic microwave background
(CMB) and large scale structure (LSS) bounds on the
primordial power spectrum [13].

Fortunately, large primordial perturbations can viably
be realized on much smaller scales in the very early uni-
verse, and these are commonly invoked in PBH formation
mechanisms [7]. However, from Eq. (1), the horizon does
not contain su!cient baryonic mass at early times unless
YB can temporarily be increased well above its measured
value before BBN. Thus, PNS formation requires the fol-
lowing ingredients:

• Enhanced Density Perturbations: On horizon
scales that enclose at least → 0.1M→ of mass, cos-
mological perturbations must be greatly enhanced
relative to the nominal ωε/ε → 10↑5 size, which is
observed on large scales. This requirement is com-
mon to both PNS and PBH formation from the
collapse of large super-horizon fluctuations.

• Large Baryon Number: Baryogenesis must ini-
tially create a baryon-to-photon ratio much larger
than the observed value at BBN, YB ↑ 10↑10. This
requirement ensures that the horizon contains suf-
ficient baryonic mass to form a neutron star be-
fore BBN; from Eq. (1), we can see that in stan-
dard cosmology this first occurs well after BBN. For
su!ciently large baryon number at temperatures
T ↭ ”QCD, the universe quickly becomes domi-
nated by non-relativistic baryons.

• Entropy Injection: Since we demand an initially-
large value of YB to increase the baryon density
before BBN, we also need to restore the observed
value of YB → 10↑10 after PNS might form, but
before BBN begins. Thus, we require an entropy
injection from some additional fluid to reduce the
baryon-to-photon ratio without creating or destroy-
ing baryons.

Realizing these ingredients necessarily involves a
baryogenesis mechanism that yields YB ↑ 10↑10 and
an additional cosmic fluid that injects entropy into the
plasma at t ↭ 1 s, so that YB → 10↑10 in time to preserve
the successful predictions of standard BBN.

III. COSMOLOGICAL MODEL

In this section we realize the ingredients outlined above
in a concrete and viable cosmological model that follows
the sequence of events depicted in Fig. 1. The key non-
standard ingredients are a large baryon asymmetry and
an additional component of the universe that redshifts
like dark energy and is later depleted to produce entropy
before BBN.

GK, Rocha, Xiao  2604.08651

Step 1: baryogengesis initially creates 
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FIG. 1. Schematic timeline of an example scenario that allows for primordial neutron star formation. Compared to standard
cosmology, this cosmic history invokes two new ingredients: a large baryon yield YB → 10→10 just after baryogenesis and
an early dark energy component whose later entropy injection restores radiation domination and yields the observed value
YB(aRH) = 8.7 ↑ 10→11 before BBN. At scale factor a = aBG a hot thermal bath with a large baryon asymmetry is created
with YB(aBG) → 10→10. At a = aQCD, corresponding to T = !QCD, the baryon number is confined into protons and neutrons
whose energy density begins to redshift like non-relativistic matter, eventually dominating the universe at a = aBD. During
baryon domination, the horizon mass MH exceeds the minimum value required for neutron star formation and horizon patches
with large overdensities collapse to form these objects. Finally, to ensure that YB acquires its observed value before BBN, there
must be an entropy transfer at a = aRH to significantly decrease YB .

order-unity overdensities required for collapse on cosmo-
logical scales conflicts with cosmic microwave background
(CMB) and large scale structure (LSS) bounds on the
primordial power spectrum [13].

Fortunately, large primordial perturbations can viably
be realized on much smaller scales in the very early uni-
verse, and these are commonly invoked in PBH formation
mechanisms [7]. However, from Eq. (1), the horizon does
not contain su!cient baryonic mass at early times unless
YB can temporarily be increased well above its measured
value before BBN. Thus, PNS formation requires the fol-
lowing ingredients:

• Enhanced Density Perturbations: On horizon
scales that enclose at least → 0.1M→ of mass, cos-
mological perturbations must be greatly enhanced
relative to the nominal ωε/ε → 10↑5 size, which is
observed on large scales. This requirement is com-
mon to both PNS and PBH formation from the
collapse of large super-horizon fluctuations.

• Large Baryon Number: Baryogenesis must ini-
tially create a baryon-to-photon ratio much larger
than the observed value at BBN, YB ↑ 10↑10. This
requirement ensures that the horizon contains suf-
ficient baryonic mass to form a neutron star be-
fore BBN; from Eq. (1), we can see that in stan-
dard cosmology this first occurs well after BBN. For
su!ciently large baryon number at temperatures
T ↭ ”QCD, the universe quickly becomes domi-
nated by non-relativistic baryons.

• Entropy Injection: Since we demand an initially-
large value of YB to increase the baryon density
before BBN, we also need to restore the observed
value of YB → 10↑10 after PNS might form, but
before BBN begins. Thus, we require an entropy
injection from some additional fluid to reduce the
baryon-to-photon ratio without creating or destroy-
ing baryons.

Realizing these ingredients necessarily involves a
baryogenesis mechanism that yields YB ↑ 10↑10 and
an additional cosmic fluid that injects entropy into the
plasma at t ↭ 1 s, so that YB → 10↑10 in time to preserve
the successful predictions of standard BBN.

III. COSMOLOGICAL MODEL

In this section we realize the ingredients outlined above
in a concrete and viable cosmological model that follows
the sequence of events depicted in Fig. 1. The key non-
standard ingredients are a large baryon asymmetry and
an additional component of the universe that redshifts
like dark energy and is later depleted to produce entropy
before BBN.

GK, Rocha, Xiao  2604.08651

Step 2: confinement occurs, baryons become non-relativistic 
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FIG. 1. Schematic timeline of an example scenario that allows for primordial neutron star formation. Compared to standard
cosmology, this cosmic history invokes two new ingredients: a large baryon yield YB → 10→10 just after baryogenesis and
an early dark energy component whose later entropy injection restores radiation domination and yields the observed value
YB(aRH) = 8.7 ↑ 10→11 before BBN. At scale factor a = aBG a hot thermal bath with a large baryon asymmetry is created
with YB(aBG) → 10→10. At a = aQCD, corresponding to T = !QCD, the baryon number is confined into protons and neutrons
whose energy density begins to redshift like non-relativistic matter, eventually dominating the universe at a = aBD. During
baryon domination, the horizon mass MH exceeds the minimum value required for neutron star formation and horizon patches
with large overdensities collapse to form these objects. Finally, to ensure that YB acquires its observed value before BBN, there
must be an entropy transfer at a = aRH to significantly decrease YB .

order-unity overdensities required for collapse on cosmo-
logical scales conflicts with cosmic microwave background
(CMB) and large scale structure (LSS) bounds on the
primordial power spectrum [13].

Fortunately, large primordial perturbations can viably
be realized on much smaller scales in the very early uni-
verse, and these are commonly invoked in PBH formation
mechanisms [7]. However, from Eq. (1), the horizon does
not contain su!cient baryonic mass at early times unless
YB can temporarily be increased well above its measured
value before BBN. Thus, PNS formation requires the fol-
lowing ingredients:

• Enhanced Density Perturbations: On horizon
scales that enclose at least → 0.1M→ of mass, cos-
mological perturbations must be greatly enhanced
relative to the nominal ωε/ε → 10↑5 size, which is
observed on large scales. This requirement is com-
mon to both PNS and PBH formation from the
collapse of large super-horizon fluctuations.

• Large Baryon Number: Baryogenesis must ini-
tially create a baryon-to-photon ratio much larger
than the observed value at BBN, YB ↑ 10↑10. This
requirement ensures that the horizon contains suf-
ficient baryonic mass to form a neutron star be-
fore BBN; from Eq. (1), we can see that in stan-
dard cosmology this first occurs well after BBN. For
su!ciently large baryon number at temperatures
T ↭ ”QCD, the universe quickly becomes domi-
nated by non-relativistic baryons.

• Entropy Injection: Since we demand an initially-
large value of YB to increase the baryon density
before BBN, we also need to restore the observed
value of YB → 10↑10 after PNS might form, but
before BBN begins. Thus, we require an entropy
injection from some additional fluid to reduce the
baryon-to-photon ratio without creating or destroy-
ing baryons.

Realizing these ingredients necessarily involves a
baryogenesis mechanism that yields YB ↑ 10↑10 and
an additional cosmic fluid that injects entropy into the
plasma at t ↭ 1 s, so that YB → 10↑10 in time to preserve
the successful predictions of standard BBN.

III. COSMOLOGICAL MODEL

In this section we realize the ingredients outlined above
in a concrete and viable cosmological model that follows
the sequence of events depicted in Fig. 1. The key non-
standard ingredients are a large baryon asymmetry and
an additional component of the universe that redshifts
like dark energy and is later depleted to produce entropy
before BBN.
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Step 3: baryons dominate universe when horizon contains ~ 1 solar mass
fluctuations just below PBH threshold form neutron stars instead
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FIG. 1. Schematic timeline of an example scenario that allows for primordial neutron star formation. Compared to standard
cosmology, this cosmic history invokes two new ingredients: a large baryon yield YB → 10→10 just after baryogenesis and
an early dark energy component whose later entropy injection restores radiation domination and yields the observed value
YB(aRH) = 8.7 ↑ 10→11 before BBN. At scale factor a = aBG a hot thermal bath with a large baryon asymmetry is created
with YB(aBG) → 10→10. At a = aQCD, corresponding to T = !QCD, the baryon number is confined into protons and neutrons
whose energy density begins to redshift like non-relativistic matter, eventually dominating the universe at a = aBD. During
baryon domination, the horizon mass MH exceeds the minimum value required for neutron star formation and horizon patches
with large overdensities collapse to form these objects. Finally, to ensure that YB acquires its observed value before BBN, there
must be an entropy transfer at a = aRH to significantly decrease YB .

order-unity overdensities required for collapse on cosmo-
logical scales conflicts with cosmic microwave background
(CMB) and large scale structure (LSS) bounds on the
primordial power spectrum [13].

Fortunately, large primordial perturbations can viably
be realized on much smaller scales in the very early uni-
verse, and these are commonly invoked in PBH formation
mechanisms [7]. However, from Eq. (1), the horizon does
not contain su!cient baryonic mass at early times unless
YB can temporarily be increased well above its measured
value before BBN. Thus, PNS formation requires the fol-
lowing ingredients:

• Enhanced Density Perturbations: On horizon
scales that enclose at least → 0.1M→ of mass, cos-
mological perturbations must be greatly enhanced
relative to the nominal ωε/ε → 10↑5 size, which is
observed on large scales. This requirement is com-
mon to both PNS and PBH formation from the
collapse of large super-horizon fluctuations.

• Large Baryon Number: Baryogenesis must ini-
tially create a baryon-to-photon ratio much larger
than the observed value at BBN, YB ↑ 10↑10. This
requirement ensures that the horizon contains suf-
ficient baryonic mass to form a neutron star be-
fore BBN; from Eq. (1), we can see that in stan-
dard cosmology this first occurs well after BBN. For
su!ciently large baryon number at temperatures
T ↭ ”QCD, the universe quickly becomes domi-
nated by non-relativistic baryons.

• Entropy Injection: Since we demand an initially-
large value of YB to increase the baryon density
before BBN, we also need to restore the observed
value of YB → 10↑10 after PNS might form, but
before BBN begins. Thus, we require an entropy
injection from some additional fluid to reduce the
baryon-to-photon ratio without creating or destroy-
ing baryons.

Realizing these ingredients necessarily involves a
baryogenesis mechanism that yields YB ↑ 10↑10 and
an additional cosmic fluid that injects entropy into the
plasma at t ↭ 1 s, so that YB → 10↑10 in time to preserve
the successful predictions of standard BBN.

III. COSMOLOGICAL MODEL

In this section we realize the ingredients outlined above
in a concrete and viable cosmological model that follows
the sequence of events depicted in Fig. 1. The key non-
standard ingredients are a large baryon asymmetry and
an additional component of the universe that redshifts
like dark energy and is later depleted to produce entropy
before BBN.
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YB → 10→10

reheats universe below confinement temp, neutron stars survive
Step 4: entropy dump restores observed baryon asymmetry 
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Small magnetic field  
non-stellar collapse, no initial seed field

Low temperature  
Tracks CMB over cosmic time, generically cold 

Distributed in halo like dark matter 
May be more abundant than conventional neutron stars

Smoking gun: sub-solar mass  
Can be as light as ~ 0.1 solar mass from QCD



Conclusion: PBH are particle fountains 

Indirect detection: late-time Hawking evaporation 
Fluxes of photons, neutrinos, electrons positrons
Connections to KM3NeT, galactic center excess 

PBH dominated cosmology  
Attractor solution, simple & predictive 
Make dark matter, dark radiation, baryogengesis

Many formation mechanisms
Collapsing density perturbations, phase transitions, defects… 

Primordial neutron stars
May also form if universe temporarily had a large baryon asymmetry
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