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Exponential  expansion driven by scalar Þeld

reality, inßation ends at some Þnite time, and the approximation (60) although valid at early times,
breaks down near the end of inßation. So the surface! = 0 is not the Big Bang, but the end of
inßation. The initial singularity has been pushed back arbitrarily far in conformal time ! ! 0, and
light cones can extend through the apparent Big Bang so that apparently disconnected points are
in causal contact. In other words, because of inßation, Ôthere was more (conformal) time before
recombination than we thoughtÕ. This is summarized in the conformal diagram in Figure 9.

6 The Physics of Inßation

Inßation is a very unfamiliar physical phenomenon: within a fraction a second the universe grew
exponential at an accelerating rate. In Einstein gravity this requires a negative pressure source or
equivalently a nearly constant energy density. In this section we describe the physical conditions
under which this can arise.

6.1 Scalar Field Dynamics

reheating

Figure 10: Example of an inßaton potential. Acceleration occurs when the potential energy of
the Þeld, V (" ), dominates over its kinetic energy, 1

2
ú" 2. Inßation ends at " end when the

kinetic energy has grown to become comparable to the potential energy,12
ú" 2 " V . CMB

ßuctuations are created by quantum ßuctuations#" about 60 e-folds before the end of
inßation. At reheating, the energy density of the inßaton is converted into radiation.

The simplest models of inßation involve a single scalar Þeld" , the inßaton. Here, we donÕt
specify the physical nature of the Þeld" , but simply use it as an order parameter (or clock) to
parameterize the time-evolution of the inßationary energy density. The dynamics of a scalar Þeld
(minimally) coupled to gravity is governed by the action

S =
!

d4x
#

$ g
"

1
2

R +
1
2

gµ! $µ" $ ! " $ V (" )
#

= SEH + S" . (61)

The action (61) is the sum of the gravitational Einstein-Hilbert action, SEH , and the action of a
scalar Þeld with canonical kinetic term,S" . The potential V (" ) describes the self-interactions of the
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Solves Horizon & Flatness problems

Generates perturbations via quantum ßuctuations, seeds LSS

Not tested yet, but something like this almost certainly took place 

Canonical Cosmological Timeline
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Inßation* transfers potential energy to SM radiation

Inßation

Reheating
! inf ! ! rad " T4
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Eventual radiation domination required for BBN

Canonical Cosmological Timeline
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Inßation

Reheating

Inßation exponentially dilutes pre-existing densities

Need dynamical mechanism to generate asymmetry

Baryogenesis
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Measured light element yields agree with observations
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Canonical Cosmological Timeline

Inputs: SM nuclear rates, 3 ßavors of decoupled neutrinos, and 

Requires baryon asymmetry and a radiation dominated universe T > few MeV

Inßation

Reheating

Baryogenesis

t ! 0
<latexit sha1_base64="vBzMLEWu7/0hWLbj0t2wq9tL5Gg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilDpKeERFx++WKW3XnIKvEy0kFcjT65a /eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn83vnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7HkyEJozlBNLKNPC3krYiGrK0EZUsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQwkPMMrvDmPzovz7nwsWgtOPnMMf+B8/gAVtY9X</latexit>



Image: WMAP

General Relativity

Canonical Cosmological Timeline

t ! 13.7 Gyr
<latexit sha1_base64="2i8cYsFCsCc1cm7gMeoQbLN/n1Y=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJWkCvVY9KDHCvYDmlA22027dDcJuxuhhIp/xYsHRbz6O7z5b9y2OWjrg4HHezPMzAsSzpR2nG+rsLK6tr5R3Cxtbe/s7tn7By0Vp5LQJol5LDsBVpSziDY105x2EkmxCDhtB6Prqd9+oFKxOLrX44T6Ag8iFjKCtZF69pFGnmICueeVGvKkQI/oZix7dtmpODOgZeLmpAw5Gj37y+vHJBU00oRjpbquk2g/w1Izwumk5KWKJpiM8IB2DY2woMrPZudP0KlR+iiMpalIo5n6eyLDQqmxCEynwHqoFr2p+J/XTXV46WcsSlJNIzJfFKYc6RhNs0B9JinRfGwIJpKZWxEZYomJNomVTAju4svLpFWtmOyqdxfl+lUeRxGO4QTOwIUa1OEWGtAEAhk8wyu8WU/Wi/VufcxbC1Y+cwh/YH3+AIpDk+4=</latexit>

t ! 105 yr
<latexit sha1_base64="QyShyvW817tVpc/nyl4sG+eUJdw=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRV0WXRjcsK9gFtLJPppB06k4SZiRBD9VfcuFDErf/hzr9x2mahrQcuHM65l3vv8WPOlHacb2thcWl5ZbWwVlzf2Nzatnd2GypKJKF1EvFItnysKGchrWumOW3FkmLhc9r0h1djv3lPpWJReKvTmHoC90MWMIK1kbr2vkYdxQRynbsz1JECPaJUdu2SU3YmQPPEzUkJctS69lenF5FE0FATjpVqu06svQxLzQino2InUTTGZIj7tG1oiAVVXja5foSOjNJDQSRNhRpN1N8TGRZKpcI3nQLrgZr1xuJ/XjvRwYWXsTBONA3JdFGQcKQjNI4C9ZikRPPUEEwkM7ciMsASE20CK5oQ3NmX50mjUnZPypWb01L1Mo+jAAdwCMfgwjlU4RpqUAcCD/AMr/BmPVkv1rv1MW1dsPKZPfgD6/MHNo6TyA==</latexit>

125 6. Initial Conditions from Inßation

CMB (Hlozek et al. 2011)

Weak Lensing (Tinker et al. 2011)

Clusters (Sehgal et al. 2011)

CMB Lensing (Das et al. 2011)

Galaxy Clustering (Reid et al. 2010)

LyA (McDonald et al. 2006)

non-linear

linear 
(reconstructed)

Figure 6.4: Compilation of the latest measurements of the matter power spectrum.

Figure 6.5: The latest measurements of the CMB angular power spectrum by the Planck satellite.

6.6.2 CMB Anisotropies

The temperature ßuctuations in the cosmic microwave background are sourced predominantly
by scalar (density) ßuctuations. Acoustic oscillations in the primordial plasma before recombi-
nation lead to a characteristic peak structure of the angular power spectrum of the CMB; see
Þg. 6.5. The precise shape of the spectrum depends both on the initial conditions (through the
parametersAs and ns) and the cosmological parameters (through parameters like! m , ! ! , ! k ,
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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 [43Ð45] 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 [46Ð48], out-of-equilibrium decays [49Ð53],
or gravitational production during inßation [54Ð56]. 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 Þnd 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, Þnding 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 M BH loses mass through the process of Hawking evaporation [57], at a rate given by:

dMBH

dt
= "

Gg! ,H (TBH ) M 4
Pl

30720! M 2
BH

# " 7.6 $ 1024 g s! 1 g! ,H (TBH )
!

g
M BH

" 2

, (2)

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

TBH =
M 2

Pl

8! M BH
# 1.05$ 1013 GeV

!
g

M BH

"
, (3)

and g! ,H (TBH ) counts all existing particle species with masses belowTBH [58, 59] according to the prescription
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i
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1.0 s = 1/ 2

0.41 s = 1
0.05 s = 2

, (4)

where wi = 2si + 1 for massive particles of spinsi , wi = 2 for massless particles withsi > 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 ) #

(
108 , TBH ' 100 GeV , M BH ( 1011g

7 , TBH ( MeV , M BH ' 1016g .
(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 massM i

M BH (t) = M i

!
1 "

t
"

" 1/ 3

, (6)

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 toT >! 108 GeV
$ (108 g/M BH )3/ 4 (see Appendices A and B). With this in mind, one can think of the quantity, M i , as the mass of a
given black hole after these processes have ceased to be e" cient.

mi < T BH
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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 [43Ð45] 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 [46Ð48], out-of-equilibrium decays [49Ð53],
or gravitational production during inßation [54Ð56]. 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 Þnd 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, Þnding 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 M BH 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 belowTBH [58, 59] according to the prescription
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where wi = 2si + 1 for massive particles of spinsi , wi = 2 for massless particles withsi > 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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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 toT >! 108 GeV
$ (108 g/M BH )3/ 4 (see Appendices A and B). With this in mind, one can think of the quantity, M i , as the mass of a
given black hole after these processes have ceased to be e" cient.

mi < T BH
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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 [43Ð45] 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 [46Ð48], out-of-equilibrium decays [49Ð53],
or gravitational production during inßation [54Ð56]. 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 Þnd 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, Þnding 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 M BH 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 belowTBH [58, 59] according to the prescription
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where wi = 2si + 1 for massive particles of spinsi , wi = 2 for massless particles withsi > 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 massM i
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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 toT >! 108 GeV
$ (108 g/M BH )3/ 4 (see Appendices A and B). With this in mind, one can think of the quantity, M i , 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 [43Ð45] 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 [46Ð48], out-of-equilibrium decays [49Ð53],
or gravitational production during inßation [54Ð56]. 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 Þnd 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, Þnding 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 M BH loses mass through the process of Hawking evaporation [57], at a rate given by:
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where G % 3.8 is the appropriate graybody factor, the temperature of a black hole is

TBH =
M 2

Pl

8! M BH
# 1.05$ 1013 GeV

!
g

M BH

"
, (3)

and g! ,H (TBH ) counts all existing particle species with masses belowTBH [58, 59] according to the prescription
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where wi = 2si + 1 for massive particles of spinsi , wi = 2 for massless particles withsi > 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 massM i
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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 toT >! 108 GeV
$ (108 g/M BH )3/ 4 (see Appendices A and B). With this in mind, one can think of the quantity, M i , 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 [43Ð45] 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 [46Ð48], out-of-equilibrium decays [49Ð53],
or gravitational production during inßation [54Ð56]. 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 Þnd 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, Þnding 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 M BH 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 belowTBH [58, 59] according to the prescription
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where wi = 2si + 1 for massive particles of spinsi , wi = 2 for massless particles withsi > 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 massM i
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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 toT >! 108 GeV
$ (108 g/M BH )3/ 4 (see Appendices A and B). With this in mind, one can think of the quantity, M i , as the mass of a
given black hole after these processes have ceased to be e" cient.

ÒGray body factorÓ ~ 3.8  (transmission coefÞcient in curved space)
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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 [43Ð45] 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 [46Ð48], out-of-equilibrium decays [49Ð53],
or gravitational production during inßation [54Ð56]. 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 Þnd 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, Þnding 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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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 toT >! 108 GeV
$ (108 g/M BH )3/ 4 (see Appendices A and B). With this in mind, one can think of the quantity, M i , 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 [43Ð45] 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 [46Ð48], out-of-equilibrium decays [49Ð53],
or gravitational production during inßation [54Ð56]. 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 Þnd 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, Þnding 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 M BH loses mass through the process of Hawking evaporation [57], at a rate given by:
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where wi = 2si + 1 for massive particles of spinsi , wi = 2 for massless particles withsi > 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 ) #

(
108 , TBH ' 100 GeV , M BH ( 1011g

7 , TBH ( MeV , M BH ' 1016g .
(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 massM i

M BH (t) = M i

!
1 "

t
"

" 1/ 3

, (6)

and its evaporation time " can be written as

" % 1.3 $ 10! 25 s g! 3
) M i

0

dMBH M 2
BH

g! ,H (TBH )
% 4.0 $ 10! 4 s

!
M i

108 g

" 3!
108

g! ,H (TBH )

"
.

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 toT >! 108 GeV
$ (108 g/M BH )3/ 4 (see Appendices A and B). With this in mind, one can think of the quantity, M i , as the mass of a
given black hole after these processes have ceased to be e" cient.
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! Ne! ! 0.03" 0.2 for each light and decoupled species of spin 0, 1/2, or 1.
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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 [46Ð48], out-of-equilibrium decays [49Ð53],
or gravitational production during inßation [54Ð56]. 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.
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contribute substantially to the abundance of dark radiation, at a level of ! Ne! ! 0.03 " 0.2 for each light and
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where wi = 2si + 1 for massive particles of spinsi , wi = 2 for massless particles withsi > 0, and wi = 1 for si = 0
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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 toT >! 108 GeV
$ (108 g/M BH )3/ 4 (see Appendices A and B). With this in mind, one can think of the quantity, M i , 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 [43Ð45] 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 [46Ð48], out-of-equilibrium decays [49Ð53],
or gravitational production during inßation [54Ð56]. 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 Þnd 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, Þnding 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 spinsi , wi = 2 for massless particles withsi > 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
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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 toT >! 108 GeV
$ (108 g/M BH )3/ 4 (see Appendices A and B). With this in mind, one can think of the quantity, M i , 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 [43Ð45] 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 [46Ð48], out-of-equilibrium decays [49Ð53],
or gravitational production during inßation [54Ð56]. 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 Þnd 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, Þnding 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 spinsi , wi = 2 for massless particles withsi > 0, and wi = 1 for si = 0
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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 [43Ð45] 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 [46Ð48], out-of-equilibrium decays [49Ð53],
or gravitational production during inßation [54Ð56]. 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 Þnd 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
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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 toT >! 108 GeV
$ (108 g/M BH )3/ 4 (see Appendices A and B). With this in mind, one can think of the quantity, M i , as the mass of a
given black hole after these processes have ceased to be e" cient.
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BH relative density grows, but never dominates the total energy of the universe 

⇢BH ! a! 3
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so the comoving BH yield at the reheat time is

Y 0
BH =

nBH (tRH )
s(tRH )

=
!

f BH ! 2g! (TRH )T4
RH

30M 0

" !
45

2! 2g! (TRH )T3
RH

"
=

3f BH TRH

4M 0
, (10)

since each BH eventually produces a total ofN! DM particles, the Þnal comoving DM yield is

Y "
! = N! Y 0

BH =! ! ! =
m! s0Y "

!

" crit
(11)

where " cr = 8 .1h2 " 10# 47GeV4 and s0 = 2968 cm# 3 = 2 .3744" 10# 38 GeV3 are respectively the present day critical
density and CMB entropy.

III. BLACK HOLE DOMINATION

If f BH = 1 at any point in the very early universe, then both SM and DM densities arise from Hawking radiation.
The energy densities are now determined by the di" erential equations

H 2 =
8!

3M 2
Pl

(" BH + " ! + " R ) ,
d" BH

dt
= # 3H " BH # " BH #BH , #BH $

úM BH

M BH
(12)

In the rest of this section we evaluate the

A. BH Energy Density

Until the radiation density becomes appreciable,H (t) = 2 / 3t =
#

8!" BH / 3M 2
Pl and the functional form of M BH (t)

is known, so" BH can be directly integrated

" BH (t) = " i
BH exp

$
#

%t

t i

dt$(3H + #BH )
&

, (13)

where " i
BH is the initial energy density, t i = 2 / 3Hi , and Hi =

#
8!" i

BH / 3M 2
Pl . Here we know the time evolution of a

black hole mass

dMBH

dt
= #

g! (TBH )M 4
Pl

30720! M 2
BH

% M BH (t) =
'
M 3

0 # Kt
( 1/ 3

, K $
g! (TBH )M 4

Pl

30720!
, (14)

and have not yet corrected for Don PageÕs gray body factors. However, following the MacGibbon formula which
evaluates the full rate

dMBH

dt
= # 6.22" 1072 GeV4 f (M BH )

M 2
BH

$ # #
f (M BH )

M 2
BH

, (15)

and must be solved numerically. Heref (M BH ) is a function normalized to unity for BH above 1017 g

B. DM and Radiation Densities With Exact Evaporation Formula

We would like to rewrite the energy injection term without having to resort to a double integral. We can begin
with the BH number density, which satisÞes

nBH (t) = ni
BH

!
ai

a(t)

" 3

= ni
BH

!
t i

t

" 2

, t i =
2

3Hi
=

2
3

)
3M 2

Pl

8!" i
BH

(16)

where we have assumed a matter dominated universe and the stipulated initial energy density of post inßationary
universe " i

BH . For the DM, the total number of DM particles produced per BH can be computed as above in Eq. (8)
where

dN! =
g!

g" + g!
dN =! N! =

%"

T0

dN! =
M 2

Pl

24!

%"

m !

dTBH

T3
BH

Br ! (TBH ), (17)

Initial BH yield at reheating

Assume all BH have the same mass M0
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Appendix A: Black Hole Mergers in the Early Universe

The rate at which black holes are captured into binary systems is given by! bc = nBH ! bcv. For two black of holes
of the same mass, this cross section is given by [60]:

! bc = "
!

85"
3

" 2/ 7

r 2
Schw v! 18/ 7 ! 45

!
M BH

M 2
Pl

" 2

v! 18/ 7, (A1)

where rSchw is the Schwarzschild radius of the black holes. The ratio of the binary capture rate to that of Hubble
expansion is thus given by:

! bc

H
"

45
#

3#BH M BH v! 11/ 7

#
8"# 1/ 2

tot M 3
Pl

(A2)

" 0.02$
!

M BH

108 g

" !
Te!

107 GeV

" 2 !
v

10! 5

" ! 11/ 7 !
#BH

#tot

"
, (A3)

where Te! is deÞned such that#tot % " 2g! (Te! )T4
e! / 30. We conclude that even if the energy density of the early

universe were dominated by black holes, the rate for binary capture exceeds the rate of Hubble expansion only at very
early times, Te! >& 108 GeV $ (108 g/M BH )1/ 2 (v/ 10! 5)11/ 14.

Furthermore, even if primordial black holes form binaries e" ciently in the early universe, it is not clear that they
will merge before evaporating. Assuming that gravitational wave emission dominates the process by which black hole
binaries loses energy, the inspiral time is given by [100]:

t insp =
5a4

0

512G3M 3
BH

, (A4)

where a0 is the initial separation of the inspiring black holes. The ratio of the inspiral time to the evaporation time
[see Eq. (7)] is then given by:

t insp

$
! 10$ %4

!
108 GeV

Te!

" 8 !
108 g
M BH

" 6

, (A5)

where %% a0Hbc and Te! is again deÞned such that#tot % " 2g! (Te! )T4
e! / 30, but in this case evaluated at the time

of binary capture. Since%& O(0.1), we expect the black holes to merge before evaporating (t insp <& t" ) only at very
early times, Tbc >& 4 $ 107 GeV $ (%/ 0.1)1/ 2(108 g/M BH )3/ 4. We do note, however, that in the early universe, when
the ambient density is large, it is possible that more e" cient mechanisms of angular momentum transfer were active,
potentially leading to shorter inspiral times.

To summarize this section, if the universe were black hole dominated at very early times, corresponding to e#ective
temperatures greater than& 108 GeV $ (108 g/M BH )3/ 4, a substantial fraction of the black holes may have undergone
mergers. With this in mind, one should interpret the initial black hole mass, M i , as used throughout this paper to
denote the mass of the black holes after the processes of binary capture and inspiral have become ine" cient.

Appendix B: Bondi-Hoyle Accretion

A black hole in a bath of radiation will undergo Bondi-Hoyle accretion, gaining mass at the following rate [101]:

dMBH

dt

#
#
#
#
Accretion

=
4"&M 2

BH #R

M 4
Pl (1 + c2

s)3/ 2
, (B1)

If BH are subdominant fraction in background radiation bath with

! ! O(1), cs =
1

"
s

<latexit sha1_base64="QvvUcYUZ/INpxGtF306rJUbNzC8=">AAACG3icbVDLSgMxFM3UV62vUZdugkWoIGWmCroRim7cWcE+oDMMmUymDc08TDJCCeN3uPFX3LhQxJXgwr8xfSy09UDgcM653Nzjp4wKaVnfRmFhcWl5pbhaWlvf2Nwyt3daIsk4Jk2csIR3fCQIozFpSioZ6aScoMhnpO0PLkd++55wQZP4Vg5T4kaoF9OQYiS15Jk1h+lwgKAjaASVgxGD13nFPjx6wJ6A59AJOcLKzpUj7rhUIs89s2xVrTHgPLGnpAymaHjmpxMkOItILDFDQnRtK5WuQlxSzEhecjJBUoQHqEe6msYoIsJV49tyeKCVAIYJ1y+WcKz+nlAoEmIY+ToZIdkXs95I/M/rZjI8cxWN00ySGE8WhRmDMoGjomBAOcGSDTVBmFP9V4j7SJchdZ0lXYI9e/I8adWq9nG1dnNSrl9M6yiCPbAPKsAGp6AOrkADNAEGj+AZvII348l4Md6Nj0m0YExndsEfGF8/5TigwA==</latexit>

12

where ! is an O(1) constant and cs ! 1/
"

3 is the sound speed in the radiation bath. Combining this with the rate
of mass loss from Hawking evaporation [see Eq. (2)], we can write the total rate of change as follows:

dMBH

dt
=

" Gg! ,H (TBH )T 2
BH

480

!
! g! (TR )

Gg! ,H (TBH )(1 + c2
s)3/ 2

"
TR

TBH

# 4

# 1

$

. (B2)

Since ! g! /Gg! ,H (1 + c
2
s)3/ 2 is an order one quantity, we conclude that a black hole will generally gain mass when

TR >$ TBH , and lose mass otherwise. When we compare the fractional accretion rate, (1/M )dM/dt, to that of Hubble
expansion, we Þnd that accretion plays an important role only whenTR >$ 1012 GeV %(108 g/MBH )1/ 2.

Accretion + Hawking radiation contribution

! g! (TR)
(1 + c2

s)3/2
⇠ O(1)
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So accretion only matters if the radiation bath is hotter

Combination of factors here satisÞes

TBH
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Some notes on DM production from black hole evaporation

I. ASSUMPTIONS

In this note we study a simple setup in which the early universe is populated with a subdominant energy density
of primordial black holes (BH) after reheating, but the dark matter (DM) is not populated. If the DM’s gravitational
interactions are negligible (or altogether absent) the only way for the present-day DM abundance to arise is via
Hakwing radiation.

II. BETTER ARGUMENT

Here we instead follow the derivation in Baumann, Steinhardt, and Turok [1]. The temperature of a primordial
black hole is given by

TBH =
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2
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, MPl = 1.22 ! 1019 GeV, (1)

and using the Schwarzschild radius rs = 2GMBH = 2MBH /M
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where we have neglected “grey body” factors, which we will insert later. The di! erential mass decrease is related to
the emitted energy and temperature as
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However, for our purposes, we care about the total number of DM particles produced by one black hole, so we apply
a branching fraction to the integrand
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where the lower limit of integration enforces energy conservation. Thus, for an initial BH population at the initial
reheating time tRH = 1/2HRH in a radiation dominated universe, where HRH = 1.66

p
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RH /MPl , the energy
density satisfies
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g" (TBH ) + g!
, (8)

where the lower limit of integration enforces energy conservation. Thus, for an initial BH population at the initial
reheating time tRH = 1/2HRH in a radiation dominated universe, where HRH = 1.66

p
g⇤(TRH )T 2

RH /MPl , the energy
density satisfies

" BH (tRH ) = M0nBH (tRH ) = fBH " RH = fBH
! 2

g⇤(TRH )T 4
RH

30
, (9)

Including Òbranching fractionÓ to DM particles 

2

so the comoving BH yield at the reheat time is

Y
0

BH =
nBH (tRH )
s(tRH )

=
!
fBH ! 2

g! (TRH )T 4
RH

30M0

" !
45

2! 2g! (TRH )T 3
RH

"
=

3fBH TRH

4M0
, (10)

since each BH eventually produces a total ofN! DM particles, the Þnal comoving DM yield is

Y
"

! = N! Y
0

BH =! ! ! =
m! s0Y

"
!

" crit
(11)

where " cr = 8 .1h2 " 10# 47GeV4 and s0 = 2968 cm# 3 = 2 .3744" 10# 38 GeV3 are respectively the present day critical
density and CMB entropy.

III. BLACK HOLE DOMINATION

If fBH = 1 at any point in the very early universe, then both SM and DM densities arise from Hawking radiation.
The energy densities are now determined by the di" erential equations

H
2 =

8!
3M2

Pl
(" BH + " ! + " R ) ,

d" BH

dt
= # 3H" BH # " BH #BH , #BH $

úMBH

MBH
(12)

In the rest of this section we evaluate the

A. BH Energy Density

Until the radiation density becomes appreciable,H(t) = 2 /3t =
#

8!" BH /3M2
Pl and the functional form of MBH (t)

is known, so" BH can be directly integrated

" BH (t) = " i
BH exp

$
#

%t

t i

dt
$(3H + #BH )

&
, (13)

where " i
BH is the initial energy density, ti = 2/3Hi , and Hi =

#
8!" i

BH /3M2
Pl . Here we know the time evolution of a

black hole mass

dMBH

dt
= #

g! (TBH )M4
Pl

30720! M2
BH

% MBH (t) =
'
M

3
0 # Kt

( 1/ 3
, K $

g! (TBH )M4
Pl

30720!
, (14)

and have not yet corrected for Don PageÕs gray body factors. However, following the MacGibbon formula which
evaluates the full rate

dMBH

dt
= # 6.22" 1072 GeV4 f (MBH )

M
2
BH

$ # #
f (MBH )
M

2
BH

, (15)

and must be solved numerically. Heref (MBH ) is a function normalized to unity for BH above 1017 g

B. DM and Radiation Densities With Exact Evaporation Formula

We would like to rewrite the energy injection term without having to resort to a double integral. We can begin
with the BH number density, which satisÞes

nBH (t) = n
i
BH

!
ai

a(t)

" 3

= n
i
BH

!
ti

t

" 2

, ti =
2

3Hi
=

2
3

)
3M2

Pl

8!" i
BH

(16)

where we have assumed a matter dominated universe and the stipulated initial energy density of post inßationary
universe " i

BH . For the DM, the total number of DM particles produced per BH can be computed as above in Eq. (8)
where

dN! =
g!

g" + g!
dN =! N! =

%"

T0

dN! =
M

2
Pl

24!

%"

m !

dTBH

T
3
BH

Br ! (TBH ), (17)

Total DM yield

See also Baumann, Steinhart, Turok 0703250
Lennon, March-Russell, Petrosian-Bryne 1712.07664  Morrison, Profumo 1812.10606
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FIG. 2. Two examples of the evolution of the energy density in SM radiation, primordial black holes, and dark matter, which
is produced through Hawking evaporation. In each frame, we have adopted an initial black hole mass of M i = 10 8 g. In the
left frame, we show results for the case of an initial black hole density of f i = 8 ! 10! 14 at Ti = 10 10 GeV, and a dark matter
particle mass of mDM = 10 9 GeV. In the right frame, the black holes come to dominate the energy density of the universe, and
we have chosenmDM = 6 ! 1010 GeV.

We summarize these results in Fig. 1, where we plot! Ne! as a function of the temperature of the universe after
the black holes have evaporated,TRH . For a light and decoupled Dirac fermion, massive vector, or real scalar, we
predict a contribution of ! Ne! ! 0.03" 0.2, below current constraints from measurements of the CMB and baryon
acoustic oscillations (BAO) [28], but within the projected reach of stage IV CMB experiments [81Ð83].

If black holes did not dominate the energy density of the early universe, the contribution to! Ne! will be reduced
accordingly. In the limit in which ! R # ! BH is maintained throughout the early universe, we arrive at:

! Ne! $ 3.5 %10�5 %
!

gDR ,H

4

"!
106

g! (T" )

" 1/ 3 !
f i (1010 GeV)

10�15

"!
M i

108 g

" 3/ 2

, (24)

where f i (1010 GeV) is the BH density fraction ! BH / ! R at a temperature of 1010 GeV and T" is the SM temperature
at the time of evaporation in Eq. (7). In general, we expect Hawking evaporation to generate a sizable contribution to
Ne! only if the early universe included a black hole dominated era or if there exist a large number of light, decoupled
species (gDR ,H # 1), as discussed in Sec. V.

Up to this point, we have treated the particles that make up the dark radiation as if they were massless. In order
for these Hawking radiation products to contribute towards dark radiation, their average kinetic energy evaluated at
the time of matter-radiation equality must approximately exceed their mass, &EDR ' >( mDR . Under the simplifying
assumption that all of the Hawking radiation is emitted at the initial temperature of the black hole, the average
energy of these particles is given by:

&EDR '

#
#
#
#
EQ

( " TBH ,i %
TEQ

TRH

!
g! (TEQ )
g! (TRH )

" 1/ 3

( 3.9 MeV
!

"
3.15

"!
M i

108 g

" 1/ 2!
108

g! ,H (TBH )

" 1/ 2!
14

g! (TRH )

" 1/ 12

,

where " $ 2.7 (3.15) for bosonic (fermionic) dark radiation. Numerically integrating the deposition of Hawking
radiation over the lifetime of the black hole, we arrive at a slightly higher value, a factor of 1.4 larger than that given
in the above expression. We thus conclude that in order to contribute towards dark radiation (as opposed to dark
matter) at matter-radiation-equality, Hawking evaporation products must be lighter than ( 5.5 MeV %(M i / 108 g)1/ 2.

IV. SUPERHEAVY DARK MATTER AS THE PRODUCTS OF HAWKING EVAPORATION

If there exist heavy, stable, decoupled particles, they will also be produced through Hawking radiation and will
contribute to the abundance of dark matter (see, for example, Refs. [77, 80, 84, 85]). If the early universe included

M BH, 0 = 108 g
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FIG. 2. Two examples of the evolution of the energy density in SM radiation, primordial black holes, and dark matter, which
is produced through Hawking evaporation. In each frame, we have adopted an initial black hole mass of M i = 10 8 g. In the
left frame, we show results for the case of an initial black hole density of f i = 8 ! 10! 14 at Ti = 10 10 GeV, and a dark matter
particle mass of mDM = 10 9 GeV. In the right frame, the black holes come to dominate the energy density of the universe, and
we have chosenmDM = 6 ! 1010 GeV.

We summarize these results in Fig. 1, where we plot! Ne! as a function of the temperature of the universe after
the black holes have evaporated,TRH . For a light and decoupled Dirac fermion, massive vector, or real scalar, we
predict a contribution of ! Ne! ! 0.03" 0.2, below current constraints from measurements of the CMB and baryon
acoustic oscillations (BAO) [28], but within the projected reach of stage IV CMB experiments [81Ð83].

If black holes did not dominate the energy density of the early universe, the contribution to! Ne! will be reduced
accordingly. In the limit in which ! R # ! BH is maintained throughout the early universe, we arrive at:

! Ne! $ 3.5 %10! 5 %
!

gDR ,H

4

"!
106

g! (T" )

" 1/ 3 !
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10! 15

"!
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, (24)

where f i (1010 GeV) is the BH density fraction ! BH / ! R at a temperature of 1010 GeV and T" is the SM temperature
at the time of evaporation in Eq. (7). In general, we expect Hawking evaporation to generate a sizable contribution to
Ne! only if the early universe included a black hole dominated era or if there exist a large number of light, decoupled
species (gDR ,H # 1), as discussed in Sec. V.

Up to this point, we have treated the particles that make up the dark radiation as if they were massless. In order
for these Hawking radiation products to contribute towards dark radiation, their average kinetic energy evaluated at
the time of matter-radiation equality must approximately exceed their mass, &EDR ' >( mDR . Under the simplifying
assumption that all of the Hawking radiation is emitted at the initial temperature of the black hole, the average
energy of these particles is given by:

&EDR '

#
#
#
#
EQ

( " TBH ,i %
TEQ

TRH

!
g! (TEQ )
g! (TRH )

" 1/ 3

( 3.9 MeV
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14
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,

where " $ 2.7 (3.15) for bosonic (fermionic) dark radiation. Numerically integrating the deposition of Hawking
radiation over the lifetime of the black hole, we arrive at a slightly higher value, a factor of 1.4 larger than that given
in the above expression. We thus conclude that in order to contribute towards dark radiation (as opposed to dark
matter) at matter-radiation-equality, Hawking evaporation products must be lighter than ( 5.5 MeV %(M i / 108 g)1/ 2.

IV. SUPERHEAVY DARK MATTER AS THE PRODUCTS OF HAWKING EVAPORATION

If there exist heavy, stable, decoupled particles, they will also be produced through Hawking radiation and will
contribute to the abundance of dark matter (see, for example, Refs. [77, 80, 84, 85]). If the early universe included

 Massive Particle Production: Dark Matter



Assumptions
General Relativity
Isotropy
Homogeneity

However BH Generically ÒCatch UpÓ

3

B. Radiation Dominated Early Universe

Assuming for the moment that the universe was radiation dominated throughout its early history, the expansion
rate is given by:

H 2 !
!

úa
a

" 2

=
8! G" R

3
=

1
4t2 , " R (T) =

! 2g! (T)
30

T4 , (7)

where G = M ! 2
Pl , " R is the energy density in radiation, and g! (T) is the e! ective number of relativistic SM degrees-

of-freedom with equilibrium distributions

g! (T) =
#

B

gB

!
TB

T

" 4

+
7
8

#

F

gF

!
TF

T

" 4

, (8)

evaluated at the photon temperature T, where the sum is over all bosons/fermionsB/F with temperatures TB/F
and spin statesgB/F . At the time of evaporation t = #, the Hubble rate is H = 1 / 2#, which corresponds to a SM
temperature of

T" " 40 MeV
!

108 g
M i

" 3/ 2 !
g! ,H (TBH )

108

" 1/ 2 !
14

g! (T" )

" 1/ 4

. (9)

As the universe expands, any population of primordial black holes that is present will evolve to constitute an
increasingly large fraction of the universeÕs total energy density, with the ratio" BH / " R growing proportionally with
the scale factor. For very massive and long-lived black holes, this will continue until the epoch of matter-radiation
equality at which point the black holes will constitute some or all of the dark matter (see, for example, Refs [60, 61]).
If the black holes are relatively light, however, they will evaporate long before this point in cosmic history.

A universe that contains both radiation and a population of black holes will evolve as

H 2 !
!

úa
a

" 2

=
8! G

3

!
" R,i

a4 +
" BH ,i

a3

"
, (10)

where " R,i and " BH ,i denote the energy densities in radiation and in black holes at some initial time, respectively. If
the universe starts out dominated by radiation with a temperature, Ti , the fraction of the energy density that consists
of black holes will grow by a factor of # (Ti / 40 MeV)(M i / 108 g)3/ 2 by the time that they evaporate. Thus, if the
initial BH density faction f i satisÞes

(Eventual BH Domination) f i !
" BH ,i

" R,i
! 4 $ 10! 12

!
1010 GeV

Ti

" !
108 g
M i

" 3/ 2

, (11)

the black hole population will ultimately come to dominate the energy density of the early universe. In this sense,
black hole domination is at attractor solution to the evolution of the early universe. From this perspective, it would
not be surprising if the early universe included a black hole dominated era.

C. Black Hole Dominated Early Universe

In light of Sec.II B, it is generic to expect a period of BH domination even if the initial BH energy density is a
small fraction of the initial radiation density, as shown in Eq. (11). If this condition is satisÞed in the early universe,
Hawking radiation plays a key role in reheating the universe and setting the initial conditions for all subsequent
cosmological epochs, including Big Bang Nucleosynthesis (BBN). Thus, in this section and for the remainder of this
work, we will assume that the early universe is black hole dominated at early times and the subsequent era of radiation
domination, which contains BBN, arises entirely from Hawking radiation.

Once the black holes have entirely evaporated (att = #), the universe will be Þlled with the products of Hawking
radiation. In the case of SM evaporation products, these particles will thermalize to form a bath with the following
temperature:

TRH " 50 MeV
!

108 g
M i

" 3/ 2 !
g! ,H (TBH )

108

" 1/ 2 !
14

g! (TRH )

" 1/ 4

. (12)

Eventual BH Domination for some initial reheat temperature after inßation  
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B. Radiation Dominated Early Universe

Assuming for the moment that the universe was radiation dominated throughout its early history, the expansion
rate is given by:
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where G = M ! 2
Pl , " R is the energy density in radiation, and g! (T) is the e! ective number of relativistic SM degrees-

of-freedom with equilibrium distributions
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evaluated at the photon temperature T, where the sum is over all bosons/fermionsB/F with temperatures TB/F
and spin statesgB/F . At the time of evaporation t = #, the Hubble rate is H = 1 / 2#, which corresponds to a SM
temperature of

T" " 40 MeV
!

108 g
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g! ,H (TBH )
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. (9)

As the universe expands, any population of primordial black holes that is present will evolve to constitute an
increasingly large fraction of the universeÕs total energy density, with the ratio" BH / " R growing proportionally with
the scale factor. For very massive and long-lived black holes, this will continue until the epoch of matter-radiation
equality at which point the black holes will constitute some or all of the dark matter (see, for example, Refs [60, 61]).
If the black holes are relatively light, however, they will evaporate long before this point in cosmic history.

A universe that contains both radiation and a population of black holes will evolve as
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where " R,i and " BH ,i denote the energy densities in radiation and in black holes at some initial time, respectively. If
the universe starts out dominated by radiation with a temperature, Ti , the fraction of the energy density that consists
of black holes will grow by a factor of # (Ti / 40 MeV)(M i / 108 g)3/ 2 by the time that they evaporate. Thus, if the
initial BH density faction f i satisÞes
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, (11)

the black hole population will ultimately come to dominate the energy density of the early universe. In this sense,
black hole domination is at attractor solution to the evolution of the early universe. From this perspective, it would
not be surprising if the early universe included a black hole dominated era.

C. Black Hole Dominated Early Universe

In light of Sec.II B, it is generic to expect a period of BH domination even if the initial BH energy density is a
small fraction of the initial radiation density, as shown in Eq. (11). If this condition is satisÞed in the early universe,
Hawking radiation plays a key role in reheating the universe and setting the initial conditions for all subsequent
cosmological epochs, including Big Bang Nucleosynthesis (BBN). Thus, in this section and for the remainder of this
work, we will assume that the early universe is black hole dominated at early times and the subsequent era of radiation
domination, which contains BBN, arises entirely from Hawking radiation.

Once the black holes have entirely evaporated (att = #), the universe will be Þlled with the products of Hawking
radiation. In the case of SM evaporation products, these particles will thermalize to form a bath with the following
temperature:
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B. Radiation Dominated Early Universe

Assuming for the moment that the universe was radiation dominated throughout its early history, the expansion
rate is given by:

H 2 !
!

úa
a

" 2

=
8! G" R

3
=

1
4t2 , " R (T) =

! 2g! (T)
30

T4 , (7)

where G = M ! 2
Pl , " R is the energy density in radiation, and g! (T) is the e! ective number of relativistic SM degrees-

of-freedom with equilibrium distributions
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evaluated at the photon temperature T, where the sum is over all bosons/fermionsB/F with temperatures TB/F
and spin statesgB/F . At the time of evaporation t = #, the Hubble rate is H = 1 / 2#, which corresponds to a SM
temperature of

T" " 40 MeV
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As the universe expands, any population of primordial black holes that is present will evolve to constitute an
increasingly large fraction of the universeÕs total energy density, with the ratio" BH / " R growing proportionally with
the scale factor. For very massive and long-lived black holes, this will continue until the epoch of matter-radiation
equality at which point the black holes will constitute some or all of the dark matter (see, for example, Refs [60, 61]).
If the black holes are relatively light, however, they will evaporate long before this point in cosmic history.

A universe that contains both radiation and a population of black holes will evolve as
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where " R,i and " BH ,i denote the energy densities in radiation and in black holes at some initial time, respectively. If
the universe starts out dominated by radiation with a temperature, Ti , the fraction of the energy density that consists
of black holes will grow by a factor of # (Ti / 40 MeV)(M i / 108 g)3/ 2 by the time that they evaporate. Thus, if the
initial BH density faction f i satisÞes
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the black hole population will ultimately come to dominate the energy density of the early universe. In this sense,
black hole domination is at attractor solution to the evolution of the early universe. From this perspective, it would
not be surprising if the early universe included a black hole dominated era.

C. Black Hole Dominated Early Universe

In light of Sec.II B, it is generic to expect a period of BH domination even if the initial BH energy density is a
small fraction of the initial radiation density, as shown in Eq. (11). If this condition is satisÞed in the early universe,
Hawking radiation plays a key role in reheating the universe and setting the initial conditions for all subsequent
cosmological epochs, including Big Bang Nucleosynthesis (BBN). Thus, in this section and for the remainder of this
work, we will assume that the early universe is black hole dominated at early times and the subsequent era of radiation
domination, which contains BBN, arises entirely from Hawking radiation.

Once the black holes have entirely evaporated (att = #), the universe will be Þlled with the products of Hawking
radiation. In the case of SM evaporation products, these particles will thermalize to form a bath with the following
temperature:
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B. Radiation Dominated Early Universe

Assuming for the moment that the universe was radiation dominated throughout its early history, the expansion
rate is given by:
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where G = M ! 2
Pl , " R is the energy density in radiation, and g! (T) is the e! ective number of relativistic SM degrees-

of-freedom with equilibrium distributions
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evaluated at the photon temperature T, where the sum is over all bosons/fermionsB/F with temperatures TB/F
and spin statesgB/F . At the time of evaporation t = #, the Hubble rate is H = 1 / 2#, which corresponds to a SM
temperature of

T" " 40 MeV
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As the universe expands, any population of primordial black holes that is present will evolve to constitute an
increasingly large fraction of the universeÕs total energy density, with the ratio" BH / " R growing proportionally with
the scale factor. For very massive and long-lived black holes, this will continue until the epoch of matter-radiation
equality at which point the black holes will constitute some or all of the dark matter (see, for example, Refs [60, 61]).
If the black holes are relatively light, however, they will evaporate long before this point in cosmic history.

A universe that contains both radiation and a population of black holes will evolve as
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where " R,i and " BH ,i denote the energy densities in radiation and in black holes at some initial time, respectively. If
the universe starts out dominated by radiation with a temperature, Ti , the fraction of the energy density that consists
of black holes will grow by a factor of # (Ti / 40 MeV)(M i / 108 g)3/ 2 by the time that they evaporate. Thus, if the
initial BH density faction f i satisÞes
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the black hole population will ultimately come to dominate the energy density of the early universe. In this sense,
black hole domination is at attractor solution to the evolution of the early universe. From this perspective, it would
not be surprising if the early universe included a black hole dominated era.

C. Black Hole Dominated Early Universe

In light of Sec.II B, it is generic to expect a period of BH domination even if the initial BH energy density is a
small fraction of the initial radiation density, as shown in Eq. (11). If this condition is satisÞed in the early universe,
Hawking radiation plays a key role in reheating the universe and setting the initial conditions for all subsequent
cosmological epochs, including Big Bang Nucleosynthesis (BBN). Thus, in this section and for the remainder of this
work, we will assume that the early universe is black hole dominated at early times and the subsequent era of radiation
domination, which contains BBN, arises entirely from Hawking radiation.

Once the black holes have entirely evaporated (att = #), the universe will be Þlled with the products of Hawking
radiation. In the case of SM evaporation products, these particles will thermalize to form a bath with the following
temperature:
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B. Radiation Dominated Early Universe

Assuming for the moment that the universe was radiation dominated throughout its early history, the expansion
rate is given by:
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where G = M ! 2
Pl , " R is the energy density in radiation, and g! (T) is the e! ective number of relativistic SM degrees-
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evaluated at the photon temperature T, where the sum is over all bosons/fermionsB/F with temperatures TB/F
and spin statesgB/F . At the time of evaporation t = #, the Hubble rate is H = 1 / 2#, which corresponds to a SM
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As the universe expands, any population of primordial black holes that is present will evolve to constitute an
increasingly large fraction of the universeÕs total energy density, with the ratio" BH / " R growing proportionally with
the scale factor. For very massive and long-lived black holes, this will continue until the epoch of matter-radiation
equality at which point the black holes will constitute some or all of the dark matter (see, for example, Refs [60, 61]).
If the black holes are relatively light, however, they will evaporate long before this point in cosmic history.
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where " R,i and " BH ,i denote the energy densities in radiation and in black holes at some initial time, respectively. If
the universe starts out dominated by radiation with a temperature, Ti , the fraction of the energy density that consists
of black holes will grow by a factor of # (Ti / 40 MeV)(M i / 108 g)3/ 2 by the time that they evaporate. Thus, if the
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the black hole population will ultimately come to dominate the energy density of the early universe. In this sense,
black hole domination is at attractor solution to the evolution of the early universe. From this perspective, it would
not be surprising if the early universe included a black hole dominated era.

C. Black Hole Dominated Early Universe

In light of Sec.II B, it is generic to expect a period of BH domination even if the initial BH energy density is a
small fraction of the initial radiation density, as shown in Eq. (11). If this condition is satisÞed in the early universe,
Hawking radiation plays a key role in reheating the universe and setting the initial conditions for all subsequent
cosmological epochs, including Big Bang Nucleosynthesis (BBN). Thus, in this section and for the remainder of this
work, we will assume that the early universe is black hole dominated at early times and the subsequent era of radiation
domination, which contains BBN, arises entirely from Hawking radiation.

Once the black holes have entirely evaporated (att = #), the universe will be Þlled with the products of Hawking
radiation. In the case of SM evaporation products, these particles will thermalize to form a bath with the following
temperature:
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FIG. 2. Two examples of the evolution of the energy density in SM radiation, primordial black holes, and dark matter, which
is produced through Hawking evaporation. In each frame, we have adopted an initial black hole mass of M i = 10 8 g. In the
left frame, we show results for the case of an initial black hole density of f i = 8 ! 10! 14 at Ti = 10 10 GeV, and a dark matter
particle mass of mDM = 10 9 GeV. In the right frame, the black holes come to dominate the energy density of the universe, and
we have chosenmDM = 6 ! 1010 GeV.

We summarize these results in Fig. 1, where we plot! Ne! as a function of the temperature of the universe after
the black holes have evaporated,TRH . For a light and decoupled Dirac fermion, massive vector, or real scalar, we
predict a contribution of ! Ne! ! 0.03" 0.2, below current constraints from measurements of the CMB and baryon
acoustic oscillations (BAO) [28], but within the projected reach of stage IV CMB experiments [81Ð83].

If black holes did not dominate the energy density of the early universe, the contribution to! Ne! will be reduced
accordingly. In the limit in which ! R # ! BH is maintained throughout the early universe, we arrive at:

! Ne! $ 3.5 %10! 5 %
!
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4

"!
106
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, (24)

where f i (1010 GeV) is the BH density fraction ! BH / ! R at a temperature of 1010 GeV and T" is the SM temperature
at the time of evaporation in Eq. (7). In general, we expect Hawking evaporation to generate a sizable contribution to
Ne! only if the early universe included a black hole dominated era or if there exist a large number of light, decoupled
species (gDR ,H # 1), as discussed in Sec. V.

Up to this point, we have treated the particles that make up the dark radiation as if they were massless. In order
for these Hawking radiation products to contribute towards dark radiation, their average kinetic energy evaluated at
the time of matter-radiation equality must approximately exceed their mass, &EDR ' >( mDR . Under the simplifying
assumption that all of the Hawking radiation is emitted at the initial temperature of the black hole, the average
energy of these particles is given by:
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#
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,

where " $ 2.7 (3.15) for bosonic (fermionic) dark radiation. Numerically integrating the deposition of Hawking
radiation over the lifetime of the black hole, we arrive at a slightly higher value, a factor of 1.4 larger than that given
in the above expression. We thus conclude that in order to contribute towards dark radiation (as opposed to dark
matter) at matter-radiation-equality, Hawking evaporation products must be lighter than ( 5.5 MeV %(M i / 108 g)1/ 2.

IV. SUPERHEAVY DARK MATTER AS THE PRODUCTS OF HAWKING EVAPORATION

If there exist heavy, stable, decoupled particles, they will also be produced through Hawking radiation and will
contribute to the abundance of dark matter (see, for example, Refs. [77, 80, 84, 85]). If the early universe included
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FIG. 3. The values of the black hole energy fraction ! BH / ! R (evaluated at T = 10 10 GeV) and initial black hole mass M i that
lead to ! DM h2 ! 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:

! DM h2 ! 0.1
!

gDM ,H

4

" !
6 " 1010 GeV

mDM

" !
108 g
M i

" 5/ 2

. (25)

From Eq. (11), if the initial density ratio satisÞes ! BH ,i / ! R,i ! 4 " 10! 12 " (1010 GeV/T i )(108g/M i )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:

! DM h2 ! 0.1
!

f i (1010 GeV)
8 " 10! 14

" !
gDM ,H

4

" !
109 GeV

mDM

" !
108 g
M i

"
. (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,f i # ! 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
M i = 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
! DM h2 $ 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
massM remnant = " M Pl [86Ð88]. 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:

! remnant h2 ! 0.1 "
!

"
1

" !
f i (1010 GeV)
1.5 " 10! 6

" !
108 g
M i

"
. (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:

! remnant h2 ! 0.1 "
!

"
1

" !
6 " 105 g

M i

" 5/ 2

. (28)
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BH Domination

Observed DM density on dashed lines
Scenario works mainly with heavy DM

Assuming no additional DM interactions, if BH dominate: mDM > 109 GeV
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To preserve the successful predictions of BBN, we will limit ourselves to the case in whichTRH >! 3 MeV, corresponding
to black holes lighter than M i <! 6 " 108 g. For this range of masses,TBH # 10 TeV through evaporation, so the SM
contribution to g! ,H is always$ 108. One might na¬õvely be concerned that scenarios with low reheating temperatures
would pose a challenge for baryogenesis, as in standard cosmology this requires the existence of light particles that
violate baryon number. The Hawking evaporation of light black holes, however, populates the universe with particles
that are much heavier than the temperature of the SM bath, and thus provides a natural means by which to generate
the universeÕs baryon asymmetry [19, 62Ð80].

The Hawking evaporation of primordial black holes will produce all particle species, including any that exist beyond
the limits of the SM. Unlike most other mechanisms for particle production in the early universe, Hawking radiation is
universal across all species, depending only on the mass and spin of the radiated degrees-of-freedom. Any products of
Hawking evaporation that possess signiÞcant couplings to the SM will rapidly thermalize with the surrounding bath.
On the other hand, Hawking evaporation could also produce particle species with extremely feeble (perhaps only
gravitational) couplings to the SM, which would not thermalize. If relatively light, such particles would constitute
dark radiation, and would be observable through their contribution to the e! ective number of neutrino species,Ne! .
Heavier evaporation products, on the other hand, would quickly become non-relativistic and could plausibly contribute
to or constitute the dark matter of the universe.

III. DARK HAWKING RADIATION AND THE CONTRIBUTION TO ! Ne!

As the universe expands, the energy density in black holes evolves as follows:

d! BH

dt
= %3! BH H + ! BH

dMBH

dt
1

M BH
, (13)

where the Þrst term corresponds to dilution from Hubble expansion, while the second term is from Hawking evaporation
as described in Eq. (2). In concert, the energy density in radiation evolves as follows:

d! R

dt
= %4! R H %! BH

dMBH

dt

!
!
!
!
SM

1
M BH

, (14)

where the second term is the result of energy being injected into the universe from the evaporating black holes.
After the black holes have evaporated, the universe will be Þlled with SM radiation, along with any other Hawking

radiation products that may have been produced. If there exist additional light states without signiÞcant couplings to
the SM, so-called Òdark radiationÓ (DR), these particles will be produced through Hawking radiation and contribute
to the radiation density of the universe during BBN and recombination. If the universe is black hole dominated during
the era of evaporation, the fraction of the universeÕs energy density in such particles will be given by the proportion
of their degrees-of-freedom,gDR ,H /g ! ,H . As the universe expands and cools, the energy density in dark radiation is
diluted by four powers of the scale factor,

! DR (TEQ )
! DR (TRH )

=
"

aRH

aEQ

# 4

. (15)

However, the energy density in the SM radiation bath is additionally diluted by a series of entropy dumps that occur
when SM radiation temperature falls below the mass of a particle species, which transfers its entropy to the remaining
radiation bath and increases the latterÕs temperature. To evaluate the impact of these transfers, we apply entropy
conservation:

(a3s)RH = ( a3s)EQ =& a3
RH g! ,S (TRH ) T3

RH = a3
EQ g! ,S (TEQ ) T3

EQ , (16)

where g! ,S is the e! ective number of relativistic degrees of freedom in entropy

g! S (T) =
$

B

gB

"
TB

T

# 3

+
7
8

$

F

gF

"
TF

T

# 3

, (17)

where the sum is over all bosons/fermionsB/F with temperatures TB/F and spin statesgB/F . Although g! ,S = g!
at high temperatures, this is not the case at matter-radiation equality when TEQ $ 0.75 eV and we have

g! S(TEQ ) = 2 + 2 N"

"
7
8

# "
4
11

#
' 3.94 , g! (TEQ ) = 2 + 2 N"

"
7
8

# "
4
11

# 4/ 3

' 3.38 , (18)

Goal: calculate energy density of  light BSM particles @ CMB era

System evolves according to 

SM+DR

BH population depletion 

Depends only on BH mass and assumption of BH domination
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To preserve the successful predictions of BBN, we will limit ourselves to the case in whichTRH >! 3 MeV, corresponding
to black holes lighter than M i <! 6 " 108 g. For this range of masses,TBH # 10 TeV through evaporation, so the SM
contribution to g! ,H is always$ 108. One might na¬õvely be concerned that scenarios with low reheating temperatures
would pose a challenge for baryogenesis, as in standard cosmology this requires the existence of light particles that
violate baryon number. The Hawking evaporation of light black holes, however, populates the universe with particles
that are much heavier than the temperature of the SM bath, and thus provides a natural means by which to generate
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The Hawking evaporation of primordial black holes will produce all particle species, including any that exist beyond
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to or constitute the dark matter of the universe.

III. DARK HAWKING RADIATION AND THE CONTRIBUTION TO ! Ne!

As the universe expands, the energy density in black holes evolves as follows:

d! BH

dt
= %3! BH H + ! BH

dMBH

dt
1

M BH
, (13)

where the Þrst term corresponds to dilution from Hubble expansion, while the second term is from Hawking evaporation
as described in Eq. (2). In concert, the energy density in radiation evolves as follows:

d! R

dt
= %4! R H %! BH

dMBH

dt

!
!
!
!
SM

1
M BH

, (14)

where the second term is the result of energy being injected into the universe from the evaporating black holes.
After the black holes have evaporated, the universe will be Þlled with SM radiation, along with any other Hawking

radiation products that may have been produced. If there exist additional light states without signiÞcant couplings to
the SM, so-called Òdark radiationÓ (DR), these particles will be produced through Hawking radiation and contribute
to the radiation density of the universe during BBN and recombination. If the universe is black hole dominated during
the era of evaporation, the fraction of the universeÕs energy density in such particles will be given by the proportion
of their degrees-of-freedom,gDR ,H /g ! ,H . As the universe expands and cools, the energy density in dark radiation is
diluted by four powers of the scale factor,
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However, the energy density in the SM radiation bath is additionally diluted by a series of entropy dumps that occur
when SM radiation temperature falls below the mass of a particle species, which transfers its entropy to the remaining
radiation bath and increases the latterÕs temperature. To evaluate the impact of these transfers, we apply entropy
conservation:

(a3s)RH = ( a3s)EQ =& a3
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where the sum is over all bosons/fermionsB/F with temperatures TB/F and spin statesgB/F . Although g! ,S = g!
at high temperatures, this is not the case at matter-radiation equality when TEQ $ 0.75 eV and we have

g! S(TEQ ) = 2 + 2 N"

"
7
8

# "
4
11

#
' 3.94 , g! (TEQ ) = 2 + 2 N"

"
7
8

# "
4
11

# 4/ 3

' 3.38 , (18)

Goal: calculate energy density of  light BSM particles @ CMB era
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To preserve the successful predictions of BBN, we will limit ourselves to the case in whichTRH >! 3 MeV, corresponding
to black holes lighter than M i <! 6 " 108 g. For this range of masses,TBH # 10 TeV through evaporation, so the SM
contribution to g! ,H is always$ 108. One might na¬õvely be concerned that scenarios with low reheating temperatures
would pose a challenge for baryogenesis, as in standard cosmology this requires the existence of light particles that
violate baryon number. The Hawking evaporation of light black holes, however, populates the universe with particles
that are much heavier than the temperature of the SM bath, and thus provides a natural means by which to generate
the universeÕs baryon asymmetry [19, 62Ð80].

The Hawking evaporation of primordial black holes will produce all particle species, including any that exist beyond
the limits of the SM. Unlike most other mechanisms for particle production in the early universe, Hawking radiation is
universal across all species, depending only on the mass and spin of the radiated degrees-of-freedom. Any products of
Hawking evaporation that possess signiÞcant couplings to the SM will rapidly thermalize with the surrounding bath.
On the other hand, Hawking evaporation could also produce particle species with extremely feeble (perhaps only
gravitational) couplings to the SM, which would not thermalize. If relatively light, such particles would constitute
dark radiation, and would be observable through their contribution to the e! ective number of neutrino species,Ne! .
Heavier evaporation products, on the other hand, would quickly become non-relativistic and could plausibly contribute
to or constitute the dark matter of the universe.
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As the universe expands, the energy density in black holes evolves as follows:
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where the Þrst term corresponds to dilution from Hubble expansion, while the second term is from Hawking evaporation
as described in Eq. (2). In concert, the energy density in radiation evolves as follows:
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where the second term is the result of energy being injected into the universe from the evaporating black holes.
After the black holes have evaporated, the universe will be Þlled with SM radiation, along with any other Hawking

radiation products that may have been produced. If there exist additional light states without signiÞcant couplings to
the SM, so-called Òdark radiationÓ (DR), these particles will be produced through Hawking radiation and contribute
to the radiation density of the universe during BBN and recombination. If the universe is black hole dominated during
the era of evaporation, the fraction of the universeÕs energy density in such particles will be given by the proportion
of their degrees-of-freedom,gDR ,H /g ! ,H . As the universe expands and cools, the energy density in dark radiation is
diluted by four powers of the scale factor,
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However, the energy density in the SM radiation bath is additionally diluted by a series of entropy dumps that occur
when SM radiation temperature falls below the mass of a particle species, which transfers its entropy to the remaining
radiation bath and increases the latterÕs temperature. To evaluate the impact of these transfers, we apply entropy
conservation:

(a3s)RH = ( a3s)EQ =& a3
RH g! ,S (TRH ) T3

RH = a3
EQ g! ,S (TEQ ) T3
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where the sum is over all bosons/fermionsB/F with temperatures TB/F and spin statesgB/F . Although g! ,S = g!
at high temperatures, this is not the case at matter-radiation equality when TEQ $ 0.75 eV and we have
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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 [81Ð83]. 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 [25Ð27]. 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
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and the energy density in SM radiation is diluted by the following factor:
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Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes
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which is related to the e! ective number of neutrino species via
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For high reheat temperatures, we thus have
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, (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 ofTRH # 100 GeV because the BH Òbranching fractionÓ
into dark radiation scales asgDR ,H (TBH )/g " ,H (TBH ) and TBH $ 100 GeV is always satisÞed for BH masses that fully
evaporate before BBN (" # sec), so the relative DR contribution is always diluted by a factor ofg" ,H (TBH ) ! 108.

Dark Radiation from pBH Domination

Step 1: Create the full SM radiation bath at the BH evaporation time

RH temperature of the SM bath once BH are gone
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To preserve the successful predictions of BBN, we will limit ourselves to the case in whichTRH >! 3 MeV, corresponding
to black holes lighter than M i <! 6 " 108 g. For this range of masses,TBH # 10 TeV through evaporation, so the SM
contribution to g! ,H is always$ 108. One might na¬õvely be concerned that scenarios with low reheating temperatures
would pose a challenge for baryogenesis, as in standard cosmology this requires the existence of light particles that
violate baryon number. The Hawking evaporation of light black holes, however, populates the universe with particles
that are much heavier than the temperature of the SM bath, and thus provides a natural means by which to generate
the universeÕs baryon asymmetry [19, 62Ð80].

The Hawking evaporation of primordial black holes will produce all particle species, including any that exist beyond
the limits of the SM. Unlike most other mechanisms for particle production in the early universe, Hawking radiation is
universal across all species, depending only on the mass and spin of the radiated degrees-of-freedom. Any products of
Hawking evaporation that possess signiÞcant couplings to the SM will rapidly thermalize with the surrounding bath.
On the other hand, Hawking evaporation could also produce particle species with extremely feeble (perhaps only
gravitational) couplings to the SM, which would not thermalize. If relatively light, such particles would constitute
dark radiation, and would be observable through their contribution to the e! ective number of neutrino species,Ne! .
Heavier evaporation products, on the other hand, would quickly become non-relativistic and could plausibly contribute
to or constitute the dark matter of the universe.

III. DARK HAWKING RADIATION AND THE CONTRIBUTION TO ! Ne!

As the universe expands, the energy density in black holes evolves as follows:

d! BH

dt
= %3! BH H + ! BH

dMBH

dt
1

M BH
, (13)

where the Þrst term corresponds to dilution from Hubble expansion, while the second term is from Hawking evaporation
as described in Eq. (2). In concert, the energy density in radiation evolves as follows:
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dt
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where the second term is the result of energy being injected into the universe from the evaporating black holes.
After the black holes have evaporated, the universe will be Þlled with SM radiation, along with any other Hawking

radiation products that may have been produced. If there exist additional light states without signiÞcant couplings to
the SM, so-called Òdark radiationÓ (DR), these particles will be produced through Hawking radiation and contribute
to the radiation density of the universe during BBN and recombination. If the universe is black hole dominated during
the era of evaporation, the fraction of the universeÕs energy density in such particles will be given by the proportion
of their degrees-of-freedom,gDR ,H /g ! ,H . As the universe expands and cools, the energy density in dark radiation is
diluted by four powers of the scale factor,
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However, the energy density in the SM radiation bath is additionally diluted by a series of entropy dumps that occur
when SM radiation temperature falls below the mass of a particle species, which transfers its entropy to the remaining
radiation bath and increases the latterÕs temperature. To evaluate the impact of these transfers, we apply entropy
conservation:

(a3s)RH = ( a3s)EQ =& a3
RH g! ,S (TRH ) T3

RH = a3
EQ g! ,S (TEQ ) T3

EQ , (16)
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where the sum is over all bosons/fermionsB/F with temperatures TB/F and spin statesgB/F . Although g! ,S = g!
at high temperatures, this is not the case at matter-radiation equality when TEQ $ 0.75 eV and we have
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Entropy conservation
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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 [81Ð83]. 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 [25Ð27]. 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
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and the energy density in SM radiation is diluted by the following factor:
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Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes
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which is related to the e! ective number of neutrino species via
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For high reheat temperatures, we thus have
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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 ofTRH # 100 GeV because the BH Òbranching fractionÓ
into dark radiation scales asgDR ,H (TBH )/g " ,H (TBH ) and TBH $ 100 GeV is always satisÞed for BH masses that fully
evaporate before BBN (" # sec), so the relative DR contribution is always diluted by a factor ofg" ,H (TBH ) ! 108.

Entropic DOF (not to be confused with Hawking evaporation DOF)

TEQ = 0 .75 eV
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To preserve the successful predictions of BBN, we will limit ourselves to the case in whichTRH >! 3 MeV, corresponding
to black holes lighter than M i <! 6 " 108 g. For this range of masses,TBH # 10 TeV through evaporation, so the SM
contribution to g! ,H is always$ 108. One might na¬õvely be concerned that scenarios with low reheating temperatures
would pose a challenge for baryogenesis, as in standard cosmology this requires the existence of light particles that
violate baryon number. The Hawking evaporation of light black holes, however, populates the universe with particles
that are much heavier than the temperature of the SM bath, and thus provides a natural means by which to generate
the universeÕs baryon asymmetry [19, 62Ð80].

The Hawking evaporation of primordial black holes will produce all particle species, including any that exist beyond
the limits of the SM. Unlike most other mechanisms for particle production in the early universe, Hawking radiation is
universal across all species, depending only on the mass and spin of the radiated degrees-of-freedom. Any products of
Hawking evaporation that possess signiÞcant couplings to the SM will rapidly thermalize with the surrounding bath.
On the other hand, Hawking evaporation could also produce particle species with extremely feeble (perhaps only
gravitational) couplings to the SM, which would not thermalize. If relatively light, such particles would constitute
dark radiation, and would be observable through their contribution to the e! ective number of neutrino species,Ne! .
Heavier evaporation products, on the other hand, would quickly become non-relativistic and could plausibly contribute
to or constitute the dark matter of the universe.

III. DARK HAWKING RADIATION AND THE CONTRIBUTION TO ! Ne!

As the universe expands, the energy density in black holes evolves as follows:

d! BH
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= %3! BH H + ! BH
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where the Þrst term corresponds to dilution from Hubble expansion, while the second term is from Hawking evaporation
as described in Eq. (2). In concert, the energy density in radiation evolves as follows:
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where the second term is the result of energy being injected into the universe from the evaporating black holes.
After the black holes have evaporated, the universe will be Þlled with SM radiation, along with any other Hawking

radiation products that may have been produced. If there exist additional light states without signiÞcant couplings to
the SM, so-called Òdark radiationÓ (DR), these particles will be produced through Hawking radiation and contribute
to the radiation density of the universe during BBN and recombination. If the universe is black hole dominated during
the era of evaporation, the fraction of the universeÕs energy density in such particles will be given by the proportion
of their degrees-of-freedom,gDR ,H /g ! ,H . As the universe expands and cools, the energy density in dark radiation is
diluted by four powers of the scale factor,
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However, the energy density in the SM radiation bath is additionally diluted by a series of entropy dumps that occur
when SM radiation temperature falls below the mass of a particle species, which transfers its entropy to the remaining
radiation bath and increases the latterÕs temperature. To evaluate the impact of these transfers, we apply entropy
conservation:

(a3s)RH = ( a3s)EQ =& a3
RH g! ,S (TRH ) T3

RH = a3
EQ g! ,S (TEQ ) T3

EQ , (16)
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where the sum is over all bosons/fermionsB/F with temperatures TB/F and spin statesgB/F . Although g! ,S = g!
at high temperatures, this is not the case at matter-radiation equality when TEQ $ 0.75 eV and we have
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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 [81Ð83]. 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 [25Ð27]. 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
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and the energy density in SM radiation is diluted by the following factor:
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Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes
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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 ofTRH # 100 GeV because the BH Òbranching fractionÓ
into dark radiation scales asgDR ,H (TBH )/g " ,H (TBH ) and TBH $ 100 GeV is always satisÞed for BH masses that fully
evaporate before BBN (" # sec), so the relative DR contribution is always diluted by a factor ofg" ,H (TBH ) ! 108.
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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 [81Ð83]. 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 [25Ð27]. 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
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and the energy density in SM radiation is diluted by the following factor:
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Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes
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which is related to the e! ective number of neutrino species via
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For high reheat temperatures, we thus have
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, (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 ofTRH # 100 GeV because the BH Òbranching fractionÓ
into dark radiation scales asgDR ,H (TBH )/g " ,H (TBH ) and TBH $ 100 GeV is always satisÞed for BH masses that fully
evaporate before BBN (" # sec), so the relative DR contribution is always diluted by a factor ofg" ,H (TBH ) ! 108.

TEQ = 0 .75 eV
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To preserve the successful predictions of BBN, we will limit ourselves to the case in whichTRH >! 3 MeV, corresponding
to black holes lighter than M i <! 6 " 108 g. For this range of masses,TBH # 10 TeV through evaporation, so the SM
contribution to g! ,H is always$ 108. One might na¬õvely be concerned that scenarios with low reheating temperatures
would pose a challenge for baryogenesis, as in standard cosmology this requires the existence of light particles that
violate baryon number. The Hawking evaporation of light black holes, however, populates the universe with particles
that are much heavier than the temperature of the SM bath, and thus provides a natural means by which to generate
the universeÕs baryon asymmetry [19, 62Ð80].

The Hawking evaporation of primordial black holes will produce all particle species, including any that exist beyond
the limits of the SM. Unlike most other mechanisms for particle production in the early universe, Hawking radiation is
universal across all species, depending only on the mass and spin of the radiated degrees-of-freedom. Any products of
Hawking evaporation that possess signiÞcant couplings to the SM will rapidly thermalize with the surrounding bath.
On the other hand, Hawking evaporation could also produce particle species with extremely feeble (perhaps only
gravitational) couplings to the SM, which would not thermalize. If relatively light, such particles would constitute
dark radiation, and would be observable through their contribution to the e! ective number of neutrino species,Ne! .
Heavier evaporation products, on the other hand, would quickly become non-relativistic and could plausibly contribute
to or constitute the dark matter of the universe.

III. DARK HAWKING RADIATION AND THE CONTRIBUTION TO ! Ne!

As the universe expands, the energy density in black holes evolves as follows:

d! BH

dt
= %3! BH H + ! BH

dMBH

dt
1

M BH
, (13)

where the Þrst term corresponds to dilution from Hubble expansion, while the second term is from Hawking evaporation
as described in Eq. (2). In concert, the energy density in radiation evolves as follows:

d! R

dt
= %4! R H %! BH

dMBH

dt

!
!
!
!
SM

1
M BH

, (14)

where the second term is the result of energy being injected into the universe from the evaporating black holes.
After the black holes have evaporated, the universe will be Þlled with SM radiation, along with any other Hawking

radiation products that may have been produced. If there exist additional light states without signiÞcant couplings to
the SM, so-called Òdark radiationÓ (DR), these particles will be produced through Hawking radiation and contribute
to the radiation density of the universe during BBN and recombination. If the universe is black hole dominated during
the era of evaporation, the fraction of the universeÕs energy density in such particles will be given by the proportion
of their degrees-of-freedom,gDR ,H /g ! ,H . As the universe expands and cools, the energy density in dark radiation is
diluted by four powers of the scale factor,

! DR (TEQ )
! DR (TRH )

=
"

aRH

aEQ

# 4

. (15)

However, the energy density in the SM radiation bath is additionally diluted by a series of entropy dumps that occur
when SM radiation temperature falls below the mass of a particle species, which transfers its entropy to the remaining
radiation bath and increases the latterÕs temperature. To evaluate the impact of these transfers, we apply entropy
conservation:

(a3s)RH = ( a3s)EQ =& a3
RH g! ,S (TRH ) T3

RH = a3
EQ g! ,S (TEQ ) T3

EQ , (16)

where g! ,S is the e! ective number of relativistic degrees of freedom in entropy
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where the sum is over all bosons/fermionsB/F with temperatures TB/F and spin statesgB/F . Although g! ,S = g!
at high temperatures, this is not the case at matter-radiation equality when TEQ $ 0.75 eV and we have
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' 3.38 , (18)

No entropy dumps in DR
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To preserve the successful predictions of BBN, we will limit ourselves to the case in whichTRH >! 3 MeV, corresponding
to black holes lighter than M i <! 6 " 108 g. For this range of masses,TBH # 10 TeV through evaporation, so the SM
contribution to g! ,H is always$ 108. One might na¬õvely be concerned that scenarios with low reheating temperatures
would pose a challenge for baryogenesis, as in standard cosmology this requires the existence of light particles that
violate baryon number. The Hawking evaporation of light black holes, however, populates the universe with particles
that are much heavier than the temperature of the SM bath, and thus provides a natural means by which to generate
the universeÕs baryon asymmetry [19, 62Ð80].

The Hawking evaporation of primordial black holes will produce all particle species, including any that exist beyond
the limits of the SM. Unlike most other mechanisms for particle production in the early universe, Hawking radiation is
universal across all species, depending only on the mass and spin of the radiated degrees-of-freedom. Any products of
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gravitational) couplings to the SM, which would not thermalize. If relatively light, such particles would constitute
dark radiation, and would be observable through their contribution to the e! ective number of neutrino species,Ne! .
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to or constitute the dark matter of the universe.
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where the second term is the result of energy being injected into the universe from the evaporating black holes.
After the black holes have evaporated, the universe will be Þlled with SM radiation, along with any other Hawking

radiation products that may have been produced. If there exist additional light states without signiÞcant couplings to
the SM, so-called Òdark radiationÓ (DR), these particles will be produced through Hawking radiation and contribute
to the radiation density of the universe during BBN and recombination. If the universe is black hole dominated during
the era of evaporation, the fraction of the universeÕs energy density in such particles will be given by the proportion
of their degrees-of-freedom,gDR ,H /g ! ,H . As the universe expands and cools, the energy density in dark radiation is
diluted by four powers of the scale factor,
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However, the energy density in the SM radiation bath is additionally diluted by a series of entropy dumps that occur
when SM radiation temperature falls below the mass of a particle species, which transfers its entropy to the remaining
radiation bath and increases the latterÕs temperature. To evaluate the impact of these transfers, we apply entropy
conservation:

(a3s)RH = ( a3s)EQ =& a3
RH g! ,S (TRH ) T3

RH = a3
EQ g! ,S (TEQ ) T3

EQ , (16)
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where the sum is over all bosons/fermionsB/F with temperatures TB/F and spin statesgB/F . Although g! ,S = g!
at high temperatures, this is not the case at matter-radiation equality when TEQ $ 0.75 eV and we have
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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 [81Ð83]. 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 [25Ð27]. 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
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and the energy density in SM radiation is diluted by the following factor:
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Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes
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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
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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 ofTRH # 100 GeV because the BH Òbranching fractionÓ
into dark radiation scales asgDR ,H (TBH )/g " ,H (TBH ) and TBH $ 100 GeV is always satisÞed for BH masses that fully
evaporate before BBN (" # sec), so the relative DR contribution is always diluted by a factor ofg" ,H (TBH ) ! 108.
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To preserve the successful predictions of BBN, we will limit ourselves to the case in whichTRH >! 3 MeV, corresponding
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that are much heavier than the temperature of the SM bath, and thus provides a natural means by which to generate
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gravitational) couplings to the SM, which would not thermalize. If relatively light, such particles would constitute
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where the Þrst term corresponds to dilution from Hubble expansion, while the second term is from Hawking evaporation
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where the second term is the result of energy being injected into the universe from the evaporating black holes.
After the black holes have evaporated, the universe will be Þlled with SM radiation, along with any other Hawking

radiation products that may have been produced. If there exist additional light states without signiÞcant couplings to
the SM, so-called Òdark radiationÓ (DR), these particles will be produced through Hawking radiation and contribute
to the radiation density of the universe during BBN and recombination. If the universe is black hole dominated during
the era of evaporation, the fraction of the universeÕs energy density in such particles will be given by the proportion
of their degrees-of-freedom,gDR ,H /g ! ,H . As the universe expands and cools, the energy density in dark radiation is
diluted by four powers of the scale factor,
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However, the energy density in the SM radiation bath is additionally diluted by a series of entropy dumps that occur
when SM radiation temperature falls below the mass of a particle species, which transfers its entropy to the remaining
radiation bath and increases the latterÕs temperature. To evaluate the impact of these transfers, we apply entropy
conservation:

(a3s)RH = ( a3s)EQ =& a3
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where the sum is over all bosons/fermionsB/F with temperatures TB/F and spin statesgB/F . Although g! ,S = g!
at high temperatures, this is not the case at matter-radiation equality when TEQ $ 0.75 eV and we have
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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 [81Ð83]. 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 [25Ð27]. 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
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and the energy density in SM radiation is diluted by the following factor:
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Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes
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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
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, (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 ofTRH # 100 GeV because the BH Òbranching fractionÓ
into dark radiation scales asgDR ,H (TBH )/g " ,H (TBH ) and TBH $ 100 GeV is always satisÞed for BH masses that fully
evaporate before BBN (" # sec), so the relative DR contribution is always diluted by a factor ofg" ,H (TBH ) ! 108.
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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 [81Ð83]. 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 [25Ð27]. 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
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Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes
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which is related to the e! ective number of neutrino species via
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For high reheat temperatures, we thus have
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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 ofTRH # 100 GeV because the BH Òbranching fractionÓ
into dark radiation scales asgDR ,H (TBH )/g " ,H (TBH ) and TBH $ 100 GeV is always satisÞed for BH masses that fully
evaporate before BBN (" # sec), so the relative DR contribution is always diluted by a factor ofg" ,H (TBH ) ! 108.
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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 [81Ð83]. 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 [25Ð27]. 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.
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and the energy density in SM radiation is diluted by the following factor:
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Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes
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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

"!
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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 ofTRH # 100 GeV because the BH Òbranching fractionÓ
into dark radiation scales asgDR ,H (TBH )/g " ,H (TBH ) and TBH $ 100 GeV is always satisÞed for BH masses that fully
evaporate before BBN (" # sec), so the relative DR contribution is always diluted by a factor ofg" ,H (TBH ) ! 108.

BH is hotter than RH temp Ñ> smaller branching to DS
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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 [81Ð83]. 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 [25Ð27]. 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
=
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aEQ
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and the energy density in SM radiation is diluted by the following factor:
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Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes
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=
!

gDR ,H
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which is related to the e! ective number of neutrino species via
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For high reheat temperatures, we thus have
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!
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, (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 ofTRH # 100 GeV because the BH Òbranching fractionÓ
into dark radiation scales asgDR ,H (TBH )/g " ,H (TBH ) and TBH $ 100 GeV is always satisÞed for BH masses that fully
evaporate before BBN (" # sec), so the relative DR contribution is always diluted by a factor ofg" ,H (TBH ) ! 108.

Neff in BH 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 [81Ð83]. 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 [25Ð27]. 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
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and the energy density in SM radiation is diluted by the following factor:
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Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes
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!
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which is related to the e! ective number of neutrino species via
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For high reheat temperatures, we thus have
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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 ofTRH # 100 GeV because the BH Òbranching fractionÓ
into dark radiation scales asgDR ,H (TBH )/g " ,H (TBH ) and TBH $ 100 GeV is always satisÞed for BH masses that fully
evaporate before BBN (" # sec), so the relative DR contribution is always diluted by a factor ofg" ,H (TBH ) ! 108.

Comparing to Conventional Thermal Relics
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Dark matter in the form of a superheavy, gravitationally interacting state would be very challenging to observe or
otherwise test. It has been proposed, however, that an array of quantum-limited impulse sensors could be used to
detect gravitationally particles with a Planck-scale mass [89].

V. PRIMORDIAL BLACK HOLES IN THE PRESENCE OF LARGE HIDDEN SECTORS

So far in this study, we have assumed that the black holes evaporate mostly into SM particles, possibly along with
a small number of states that act as either dark radiation or dark matter. It seems highly plausible, however, that
the SM describes only a small fraction of the degrees-of-freedom that constitute the universeÕs total particle content.
If a large number of other particle degrees-of-freedom exist, black holes will evaporate more rapidly, producing the
full array of particles that are kinematically accessible (all of those with masses below! TBH ), independently of their
couplings or other characteristics.

As a Þrst case, we will consider a scenario in which there exist a large number of degrees-of-freedom associated with
light particles with negligible couplings to the SM. Such a situation is motivated, for example, within the context of the
string axiverse, in which a large number of light and feebly-coupled scalars are predicted [90Ð93]. If the early universe
experienced a black hole dominated era, it follows from Eq. (23) that this would lead to! Ne! ! (0.04" 0.08)# Naxion ,
where Naxion is the number of axions that exist (see also Fig. 1). Given the current constraint of! Ne! <! 0.28 [28],
this indicates that Naxion <! 7, regardless ofTRH . Thus the existence of a black hole dominated era appears to be
inconsistent with the existence of a large axiverse (see also Ref. [84]).

As a second example, consider the Minimal Supersymmetric Standard Model (MSSM). In this case, approximately
half of the Hawking evaporation products will be superpartners for all black holes with a temperature greater than
the characteristic scale of superpartner masses,TBH >! M SUSY , corresponding toM BH <! 1010 g # (TeV /M SUSY ). If R-
parity is conserved, all such superpartners will decay to the lightest supersymmetric particle, producing a potentially
large relic abundance. If the lightest superpartner is weakly interacting (such as a neutralino), it may or may not
reach equilibrium with the SM bath, depending on the temperature at the time of evaporation. For M i >! 10! 2 g
# (TeV /M SUSY )2/ 3, Hawking evaporation will Þnalize at a temperature below that of neutralino freeze-out, leading to
a large relic abundance. If the early universe included a black hole dominated era, such a scenario is strongly excluded
(see also Refs. [94Ð97]). To obtain an abundance of superpartners that is equal to the measured density of dark matter,
we would require an initial black hole abundance (atT = 1010 GeV) of only ! BH / ! R ! 10! 20 (TeV /M SUSY )(108 g/M i ).

VI. SUMMARY AND CONCLUSIONS

If even a small abundance of black holes were present in the early universe, this population would evolve to
constitute a larger fraction of the total energy density, up to the point at which they evaporate or until matter-
radiation equality. From this perspective, it is natural to consider scenarios in which the early universe included an
era of black hole domination. To avoid altering the light element abundances, such black holes must evaporate prior
to BBN, corresponding to initial masses less thanM i <! 6 # 108 g.

Unlike most other mechanisms for particle production in the early universe, Hawking evaporation generates particles
democratically, producing all particle species including those with with small or negligible couplings to the SM. From
this perspective, black holes provide a well-motivated mechanism to produce both dark radiation and dark matter. If
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<latexit sha1_base64="wgV0lBjX8JVUg+QDYRBZk6svJS0=">AAAB+nicbZBLS8NAFIUn9VXrK9alm8EiuJCSpEXbXdGNywqmLTShTKaTduhMEmYmYgn5K25cqLj1l7jz35imQerjwMDhnHuZy+dFjEplGJ9aaW19Y3OrvF3Z2d3bP9APqz0ZxgITG4csFAMPScJoQGxFFSODSBDEPUb63ux60ffviZA0DO7UPCIuR5OA+hQjlUUjvepIyqEJE0dw6JxD0ktHes2oG7ngX2MWpgYKdUf6hzMOccxJoDBDUg5NI1JugoSimJG04sSSRAjP0IQMMxsgTqSb5Len8DRLxtAPRfYCBfN0dSNBXMo597JJjtRU/u4W4X/dMFZ+y01oEMWKBHj5kR8zqEK4AAHHVBCs2DwzCAua3QrxFAmEVYarkkOwGg3LNFchtNst66L5DcG26u26cdusda4KGmVwDE7AGTDBJeiAG9AFNsDgATyCZ/CipdqT9qq9LUdLWrFzBH5Ie/8ClBiTLQ==</latexit><latexit sha1_base64="wgV0lBjX8JVUg+QDYRBZk6svJS0=">AAAB+nicbZBLS8NAFIUn9VXrK9alm8EiuJCSpEXbXdGNywqmLTShTKaTduhMEmYmYgn5K25cqLj1l7jz35imQerjwMDhnHuZy+dFjEplGJ9aaW19Y3OrvF3Z2d3bP9APqz0ZxgITG4csFAMPScJoQGxFFSODSBDEPUb63ux60ffviZA0DO7UPCIuR5OA+hQjlUUjvepIyqEJE0dw6JxD0ktHes2oG7ngX2MWpgYKdUf6hzMOccxJoDBDUg5NI1JugoSimJG04sSSRAjP0IQMMxsgTqSb5Len8DRLxtAPRfYCBfN0dSNBXMo597JJjtRU/u4W4X/dMFZ+y01oEMWKBHj5kR8zqEK4AAHHVBCs2DwzCAua3QrxFAmEVYarkkOwGg3LNFchtNst66L5DcG26u26cdusda4KGmVwDE7AGTDBJeiAG9AFNsDgATyCZ/CipdqT9qq9LUdLWrFzBH5Ie/8ClBiTLQ==</latexit><latexit sha1_base64="wgV0lBjX8JVUg+QDYRBZk6svJS0=">AAAB+nicbZBLS8NAFIUn9VXrK9alm8EiuJCSpEXbXdGNywqmLTShTKaTduhMEmYmYgn5K25cqLj1l7jz35imQerjwMDhnHuZy+dFjEplGJ9aaW19Y3OrvF3Z2d3bP9APqz0ZxgITG4csFAMPScJoQGxFFSODSBDEPUb63ux60ffviZA0DO7UPCIuR5OA+hQjlUUjvepIyqEJE0dw6JxD0ktHes2oG7ngX2MWpgYKdUf6hzMOccxJoDBDUg5NI1JugoSimJG04sSSRAjP0IQMMxsgTqSb5Len8DRLxtAPRfYCBfN0dSNBXMo597JJjtRU/u4W4X/dMFZ+y01oEMWKBHj5kR8zqEK4AAHHVBCs2DwzCAua3QrxFAmEVYarkkOwGg3LNFchtNst66L5DcG26u26cdusda4KGmVwDE7AGTDBJeiAG9AFNsDgATyCZ/CipdqT9qq9LUdLWrFzBH5Ie/8ClBiTLQ==</latexit><latexit sha1_base64="wgV0lBjX8JVUg+QDYRBZk6svJS0=">AAAB+nicbZBLS8NAFIUn9VXrK9alm8EiuJCSpEXbXdGNywqmLTShTKaTduhMEmYmYgn5K25cqLj1l7jz35imQerjwMDhnHuZy+dFjEplGJ9aaW19Y3OrvF3Z2d3bP9APqz0ZxgITG4csFAMPScJoQGxFFSODSBDEPUb63ux60ffviZA0DO7UPCIuR5OA+hQjlUUjvepIyqEJE0dw6JxD0ktHes2oG7ngX2MWpgYKdUf6hzMOccxJoDBDUg5NI1JugoSimJG04sSSRAjP0IQMMxsgTqSb5Len8DRLxtAPRfYCBfN0dSNBXMo597JJjtRU/u4W4X/dMFZ+y01oEMWKBHj5kR8zqEK4AAHHVBCs2DwzCAua3QrxFAmEVYarkkOwGg3LNFchtNst66L5DcG26u26cdusda4KGmVwDE7AGTDBJeiAG9AFNsDgATyCZ/CipdqT9qq9LUdLWrFzBH5Ie/8ClBiTLQ==</latexit><latexit sha1_base64="wgV0lBjX8JVUg+QDYRBZk6svJS0=">AAAB+nicbZBLS8NAFIUn9VXrK9alm8EiuJCSpEXbXdGNywqmLTShTKaTduhMEmYmYgn5K25cqLj1l7jz35imQerjwMDhnHuZy+dFjEplGJ9aaW19Y3OrvF3Z2d3bP9APqz0ZxgITG4csFAMPScJoQGxFFSODSBDEPUb63ux60ffviZA0DO7UPCIuR5OA+hQjlUUjvepIyqEJE0dw6JxD0ktHes2oG7ngX2MWpgYKdUf6hzMOccxJoDBDUg5NI1JugoSimJG04sSSRAjP0IQMMxsgTqSb5Len8DRLxtAPRfYCBfN0dSNBXMo597JJjtRU/u4W4X/dMFZ+y01oEMWKBHj5kR8zqEK4AAHHVBCs2DwzCAua3QrxFAmEVYarkkOwGg3LNFchtNst66L5DcG26u26cdusda4KGmVwDE7AGTDBJeiAG9AFNsDgATyCZ/CipdqT9qq9LUdLWrFzBH5Ie/8ClBiTLQ==</latexit>

! 1 MeV
<latexit sha1_base64="G15kA2xHuJMkgiL3Dl8eYnO0Mco=">AAAB+3icbZBLS8NAFIUnPmt9Rbt0M1gEF1KStGi7K7pxI1QwbaEJZTKdtENnkjAzEUKof8WNCxW3/hF3/hvTNEh9HBg4nHMvc/m8iFGpDONTW1ldW9/YLG2Vt3d29/b1g8OuDGOBiY1DFoq+hyRhNCC2ooqRfiQI4h4jPW96Ne9790RIGgZ3KomIy9E4oD7FSGXRUK84knJowtQRHDpn8IZ0Z0O9atSMXPCvMQtTBYU6Q/3DGYU45iRQmCEpB6YRKTdFQlHMyKzsxJJECE/RmAwyGyBOpJvmx8/gSZaMoB+K7AUK5unyRoq4lAn3skmO1ET+7ubhf90gVn7TTWkQxYoEePGRHzOoQjgnAUdUEKxYkhmEBc1uhXiCBMIq41XOIVj1umWayxBaraZ13viGYFu1Vs24bVTblwWNEjgCx+AUmOACtME16AAbYJCAR/AMXrQH7Ul71d4WoytasVMBP6S9fwEzLZOE</latexit><latexit sha1_base64="G15kA2xHuJMkgiL3Dl8eYnO0Mco=">AAAB+3icbZBLS8NAFIUnPmt9Rbt0M1gEF1KStGi7K7pxI1QwbaEJZTKdtENnkjAzEUKof8WNCxW3/hF3/hvTNEh9HBg4nHMvc/m8iFGpDONTW1ldW9/YLG2Vt3d29/b1g8OuDGOBiY1DFoq+hyRhNCC2ooqRfiQI4h4jPW96Ne9790RIGgZ3KomIy9E4oD7FSGXRUK84knJowtQRHDpn8IZ0Z0O9atSMXPCvMQtTBYU6Q/3DGYU45iRQmCEpB6YRKTdFQlHMyKzsxJJECE/RmAwyGyBOpJvmx8/gSZaMoB+K7AUK5unyRoq4lAn3skmO1ET+7ubhf90gVn7TTWkQxYoEePGRHzOoQjgnAUdUEKxYkhmEBc1uhXiCBMIq41XOIVj1umWayxBaraZ13viGYFu1Vs24bVTblwWNEjgCx+AUmOACtME16AAbYJCAR/AMXrQH7Ul71d4WoytasVMBP6S9fwEzLZOE</latexit><latexit sha1_base64="G15kA2xHuJMkgiL3Dl8eYnO0Mco=">AAAB+3icbZBLS8NAFIUnPmt9Rbt0M1gEF1KStGi7K7pxI1QwbaEJZTKdtENnkjAzEUKof8WNCxW3/hF3/hvTNEh9HBg4nHMvc/m8iFGpDONTW1ldW9/YLG2Vt3d29/b1g8OuDGOBiY1DFoq+hyRhNCC2ooqRfiQI4h4jPW96Ne9790RIGgZ3KomIy9E4oD7FSGXRUK84knJowtQRHDpn8IZ0Z0O9atSMXPCvMQtTBYU6Q/3DGYU45iRQmCEpB6YRKTdFQlHMyKzsxJJECE/RmAwyGyBOpJvmx8/gSZaMoB+K7AUK5unyRoq4lAn3skmO1ET+7ubhf90gVn7TTWkQxYoEePGRHzOoQjgnAUdUEKxYkhmEBc1uhXiCBMIq41XOIVj1umWayxBaraZ13viGYFu1Vs24bVTblwWNEjgCx+AUmOACtME16AAbYJCAR/AMXrQH7Ul71d4WoytasVMBP6S9fwEzLZOE</latexit><latexit sha1_base64="G15kA2xHuJMkgiL3Dl8eYnO0Mco=">AAAB+3icbZBLS8NAFIUnPmt9Rbt0M1gEF1KStGi7K7pxI1QwbaEJZTKdtENnkjAzEUKof8WNCxW3/hF3/hvTNEh9HBg4nHMvc/m8iFGpDONTW1ldW9/YLG2Vt3d29/b1g8OuDGOBiY1DFoq+hyRhNCC2ooqRfiQI4h4jPW96Ne9790RIGgZ3KomIy9E4oD7FSGXRUK84knJowtQRHDpn8IZ0Z0O9atSMXPCvMQtTBYU6Q/3DGYU45iRQmCEpB6YRKTdFQlHMyKzsxJJECE/RmAwyGyBOpJvmx8/gSZaMoB+K7AUK5unyRoq4lAn3skmO1ET+7ubhf90gVn7TTWkQxYoEePGRHzOoQjgnAUdUEKxYkhmEBc1uhXiCBMIq41XOIVj1umWayxBaraZ13viGYFu1Vs24bVTblwWNEjgCx+AUmOACtME16AAbYJCAR/AMXrQH7Ul71d4WoytasVMBP6S9fwEzLZOE</latexit><latexit sha1_base64="G15kA2xHuJMkgiL3Dl8eYnO0Mco=">AAAB+3icbZBLS8NAFIUnPmt9Rbt0M1gEF1KStGi7K7pxI1QwbaEJZTKdtENnkjAzEUKof8WNCxW3/hF3/hvTNEh9HBg4nHMvc/m8iFGpDONTW1ldW9/YLG2Vt3d29/b1g8OuDGOBiY1DFoq+hyRhNCC2ooqRfiQI4h4jPW96Ne9790RIGgZ3KomIy9E4oD7FSGXRUK84knJowtQRHDpn8IZ0Z0O9atSMXPCvMQtTBYU6Q/3DGYU45iRQmCEpB6YRKTdFQlHMyKzsxJJECE/RmAwyGyBOpJvmx8/gSZaMoB+K7AUK5unyRoq4lAn3skmO1ET+7ubhf90gVn7TTWkQxYoEePGRHzOoQjgnAUdUEKxYkhmEBc1uhXiCBMIq41XOIVj1umWayxBaraZ13viGYFu1Vs24bVTblwWNEjgCx+AUmOACtME16AAbYJCAR/AMXrQH7Ul71d4WoytasVMBP6S9fwEzLZOE</latexit>

! 105 GeV
<latexit sha1_base64="bupxK4FEJwVGOpqlbbYmhpE5P3k=">AAAB/nicbZBLS8NAFIUn9VXrKyq4cTNYBBdSkrRquyu60GUF0xaaWCbTaTt0JgkzE6HELvwrblyouPV3uPPfmKZB6uPAwOGce5nL54WMSmUYn1puYXFpeSW/Wlhb39jc0rd3mjKIBCY2Dlgg2h6ShFGf2IoqRtqhIIh7jLS80cW0b90RIWng36hxSFyOBj7tU4xUEnX1PUdSDk3j9gTGjuDQOYaXpDnp6kWjZKSCf42ZmSLI1OjqH04vwBEnvsIMSdkxjVC5MRKKYkYmBSeSJER4hAakk1gfcSLdOL1/Ag+TpAf7gUier2Cazm/EiEs55l4yyZEayt/dNPyv60SqX3Vj6oeRIj6efdSPGFQBnMKAPSoIVmycGIQFTW6FeIgEwipBVkghWOWyZZrzEGq1qnVa+YZgW6VaybiuFOvnGY082AcH4AiY4AzUwRVoABtgcA8ewTN40R60J+1Ve5uN5rRsZxf8kPb+BdDglF8=</latexit><latexit sha1_base64="bupxK4FEJwVGOpqlbbYmhpE5P3k=">AAAB/nicbZBLS8NAFIUn9VXrKyq4cTNYBBdSkrRquyu60GUF0xaaWCbTaTt0JgkzE6HELvwrblyouPV3uPPfmKZB6uPAwOGce5nL54WMSmUYn1puYXFpeSW/Wlhb39jc0rd3mjKIBCY2Dlgg2h6ShFGf2IoqRtqhIIh7jLS80cW0b90RIWng36hxSFyOBj7tU4xUEnX1PUdSDk3j9gTGjuDQOYaXpDnp6kWjZKSCf42ZmSLI1OjqH04vwBEnvsIMSdkxjVC5MRKKYkYmBSeSJER4hAakk1gfcSLdOL1/Ag+TpAf7gUier2Cazm/EiEs55l4yyZEayt/dNPyv60SqX3Vj6oeRIj6efdSPGFQBnMKAPSoIVmycGIQFTW6FeIgEwipBVkghWOWyZZrzEGq1qnVa+YZgW6VaybiuFOvnGY082AcH4AiY4AzUwRVoABtgcA8ewTN40R60J+1Ve5uN5rRsZxf8kPb+BdDglF8=</latexit><latexit sha1_base64="bupxK4FEJwVGOpqlbbYmhpE5P3k=">AAAB/nicbZBLS8NAFIUn9VXrKyq4cTNYBBdSkrRquyu60GUF0xaaWCbTaTt0JgkzE6HELvwrblyouPV3uPPfmKZB6uPAwOGce5nL54WMSmUYn1puYXFpeSW/Wlhb39jc0rd3mjKIBCY2Dlgg2h6ShFGf2IoqRtqhIIh7jLS80cW0b90RIWng36hxSFyOBj7tU4xUEnX1PUdSDk3j9gTGjuDQOYaXpDnp6kWjZKSCf42ZmSLI1OjqH04vwBEnvsIMSdkxjVC5MRKKYkYmBSeSJER4hAakk1gfcSLdOL1/Ag+TpAf7gUier2Cazm/EiEs55l4yyZEayt/dNPyv60SqX3Vj6oeRIj6efdSPGFQBnMKAPSoIVmycGIQFTW6FeIgEwipBVkghWOWyZZrzEGq1qnVa+YZgW6VaybiuFOvnGY082AcH4AiY4AzUwRVoABtgcA8ewTN40R60J+1Ve5uN5rRsZxf8kPb+BdDglF8=</latexit><latexit sha1_base64="bupxK4FEJwVGOpqlbbYmhpE5P3k=">AAAB/nicbZBLS8NAFIUn9VXrKyq4cTNYBBdSkrRquyu60GUF0xaaWCbTaTt0JgkzE6HELvwrblyouPV3uPPfmKZB6uPAwOGce5nL54WMSmUYn1puYXFpeSW/Wlhb39jc0rd3mjKIBCY2Dlgg2h6ShFGf2IoqRtqhIIh7jLS80cW0b90RIWng36hxSFyOBj7tU4xUEnX1PUdSDk3j9gTGjuDQOYaXpDnp6kWjZKSCf42ZmSLI1OjqH04vwBEnvsIMSdkxjVC5MRKKYkYmBSeSJER4hAakk1gfcSLdOL1/Ag+TpAf7gUier2Cazm/EiEs55l4yyZEayt/dNPyv60SqX3Vj6oeRIj6efdSPGFQBnMKAPSoIVmycGIQFTW6FeIgEwipBVkghWOWyZZrzEGq1qnVa+YZgW6VaybiuFOvnGY082AcH4AiY4AzUwRVoABtgcA8ewTN40R60J+1Ve5uN5rRsZxf8kPb+BdDglF8=</latexit><latexit sha1_base64="bupxK4FEJwVGOpqlbbYmhpE5P3k=">AAAB/nicbZBLS8NAFIUn9VXrKyq4cTNYBBdSkrRquyu60GUF0xaaWCbTaTt0JgkzE6HELvwrblyouPV3uPPfmKZB6uPAwOGce5nL54WMSmUYn1puYXFpeSW/Wlhb39jc0rd3mjKIBCY2Dlgg2h6ShFGf2IoqRtqhIIh7jLS80cW0b90RIWng36hxSFyOBj7tU4xUEnX1PUdSDk3j9gTGjuDQOYaXpDnp6kWjZKSCf42ZmSLI1OjqH04vwBEnvsIMSdkxjVC5MRKKYkYmBSeSJER4hAakk1gfcSLdOL1/Ag+TpAf7gUier2Cazm/EiEs55l4yyZEayt/dNPyv60SqX3Vj6oeRIj6efdSPGFQBnMKAPSoIVmycGIQFTW6FeIgEwipBVkghWOWyZZrzEGq1qnVa+YZgW6VaybiuFOvnGY082AcH4AiY4AzUwRVoABtgcA8ewTN40R60J+1Ve5uN5rRsZxf8kPb+BdDglF8=</latexit>

! M Pl
<latexit sha1_base64="nMvi9BFo6coMPTK/OrwFgxijhjw=">AAAB93icbZBLS8NAFIUn9VXro1GXbgaL4KokbdF2V3TjRqhgbKEJYTKdtENnJmFmItTQX+LGhYpb/4o7/41pGsTXgYHDOfcyly+IGVXasj6M0srq2vpGebOytb2zWzX39m9VlEhMHByxSA4CpAijgjiaakYGsSSIB4z0g+nFou/fEaloJG70LCYeR2NBQ4qRziLfrLqKcnjlp67ksMfmvlmz6lYu+NfYhamBQj3ffHdHEU44ERozpNTQtmLtpUhqihmZV9xEkRjhKRqTYWYF4kR5aX74HB5nyQiGkcye0DBPv2+kiCs140E2yZGeqN/dIvyvGyY6bHspFXGiicDLj8KEQR3BBQU4opJgzWaZQVjS7FaIJ0girDNWlRxCo9ls2PZ3CJ1Ou3Ha+oLgNOqdunXdqnXPCxplcAiOwAmwwRnogkvQAw7AIAEP4Ak8G/fGo/FivC5HS0axcwB+yHj7BKYFksM=</latexit><latexit sha1_base64="nMvi9BFo6coMPTK/OrwFgxijhjw=">AAAB93icbZBLS8NAFIUn9VXro1GXbgaL4KokbdF2V3TjRqhgbKEJYTKdtENnJmFmItTQX+LGhYpb/4o7/41pGsTXgYHDOfcyly+IGVXasj6M0srq2vpGebOytb2zWzX39m9VlEhMHByxSA4CpAijgjiaakYGsSSIB4z0g+nFou/fEaloJG70LCYeR2NBQ4qRziLfrLqKcnjlp67ksMfmvlmz6lYu+NfYhamBQj3ffHdHEU44ERozpNTQtmLtpUhqihmZV9xEkRjhKRqTYWYF4kR5aX74HB5nyQiGkcye0DBPv2+kiCs140E2yZGeqN/dIvyvGyY6bHspFXGiicDLj8KEQR3BBQU4opJgzWaZQVjS7FaIJ0girDNWlRxCo9ls2PZ3CJ1Ou3Ha+oLgNOqdunXdqnXPCxplcAiOwAmwwRnogkvQAw7AIAEP4Ak8G/fGo/FivC5HS0axcwB+yHj7BKYFksM=</latexit><latexit sha1_base64="nMvi9BFo6coMPTK/OrwFgxijhjw=">AAAB93icbZBLS8NAFIUn9VXro1GXbgaL4KokbdF2V3TjRqhgbKEJYTKdtENnJmFmItTQX+LGhYpb/4o7/41pGsTXgYHDOfcyly+IGVXasj6M0srq2vpGebOytb2zWzX39m9VlEhMHByxSA4CpAijgjiaakYGsSSIB4z0g+nFou/fEaloJG70LCYeR2NBQ4qRziLfrLqKcnjlp67ksMfmvlmz6lYu+NfYhamBQj3ffHdHEU44ERozpNTQtmLtpUhqihmZV9xEkRjhKRqTYWYF4kR5aX74HB5nyQiGkcye0DBPv2+kiCs140E2yZGeqN/dIvyvGyY6bHspFXGiicDLj8KEQR3BBQU4opJgzWaZQVjS7FaIJ0girDNWlRxCo9ls2PZ3CJ1Ou3Ha+oLgNOqdunXdqnXPCxplcAiOwAmwwRnogkvQAw7AIAEP4Ak8G/fGo/FivC5HS0axcwB+yHj7BKYFksM=</latexit><latexit sha1_base64="nMvi9BFo6coMPTK/OrwFgxijhjw=">AAAB93icbZBLS8NAFIUn9VXro1GXbgaL4KokbdF2V3TjRqhgbKEJYTKdtENnJmFmItTQX+LGhYpb/4o7/41pGsTXgYHDOfcyly+IGVXasj6M0srq2vpGebOytb2zWzX39m9VlEhMHByxSA4CpAijgjiaakYGsSSIB4z0g+nFou/fEaloJG70LCYeR2NBQ4qRziLfrLqKcnjlp67ksMfmvlmz6lYu+NfYhamBQj3ffHdHEU44ERozpNTQtmLtpUhqihmZV9xEkRjhKRqTYWYF4kR5aX74HB5nyQiGkcye0DBPv2+kiCs140E2yZGeqN/dIvyvGyY6bHspFXGiicDLj8KEQR3BBQU4opJgzWaZQVjS7FaIJ0girDNWlRxCo9ls2PZ3CJ1Ou3Ha+oLgNOqdunXdqnXPCxplcAiOwAmwwRnogkvQAw7AIAEP4Ak8G/fGo/FivC5HS0axcwB+yHj7BKYFksM=</latexit><latexit sha1_base64="nMvi9BFo6coMPTK/OrwFgxijhjw=">AAAB93icbZBLS8NAFIUn9VXro1GXbgaL4KokbdF2V3TjRqhgbKEJYTKdtENnJmFmItTQX+LGhYpb/4o7/41pGsTXgYHDOfcyly+IGVXasj6M0srq2vpGebOytb2zWzX39m9VlEhMHByxSA4CpAijgjiaakYGsSSIB4z0g+nFou/fEaloJG70LCYeR2NBQ4qRziLfrLqKcnjlp67ksMfmvlmz6lYu+NfYhamBQj3ffHdHEU44ERozpNTQtmLtpUhqihmZV9xEkRjhKRqTYWYF4kR5aX74HB5nyQiGkcye0DBPv2+kiCs140E2yZGeqN/dIvyvGyY6bHspFXGiicDLj8KEQR3BBQU4opJgzWaZQVjS7FaIJ0girDNWlRxCo9ls2PZ3CJ1Ou3Ha+oLgNOqdunXdqnXPCxplcAiOwAmwwRnogkvQAw7AIAEP4Ak8G/fGo/FivC5HS0axcwB+yHj7BKYFksM=</latexit>

FIG. 4. In contrast to thermal relics, Hawking radiation in a black hole dominated scenario can produce dark radiation in the
form of particles with masses up to mDR ! 5.5 MeV " (M i / 108 g)1/ 2 , as well as dark matter for particles with masses between
mDM ! 1011 GeV " (108 g/M i )5/ 2 and the Planck scale. For thermal relics, masses below! MeV spoil early universe cosmology
[98] and masses above" 105 GeV overclose the universe in perturbative, unitary theories [99].

Comparing to Conventional Thermal Relics

Usual picture of particles in thermal equilibrium



Image: WMAP

Assumptions
General Relativity
Isotropy
Homogeneity

8

Dark matter in the form of a superheavy, gravitationally interacting state would be very challenging to observe or
otherwise test. It has been proposed, however, that an array of quantum-limited impulse sensors could be used to
detect gravitationally particles with a Planck-scale mass [89].

V. PRIMORDIAL BLACK HOLES IN THE PRESENCE OF LARGE HIDDEN SECTORS

So far in this study, we have assumed that the black holes evaporate mostly into SM particles, possibly along with
a small number of states that act as either dark radiation or dark matter. It seems highly plausible, however, that
the SM describes only a small fraction of the degrees-of-freedom that constitute the universeÕs total particle content.
If a large number of other particle degrees-of-freedom exist, black holes will evaporate more rapidly, producing the
full array of particles that are kinematically accessible (all of those with masses below! TBH ), independently of their
couplings or other characteristics.

As a Þrst case, we will consider a scenario in which there exist a large number of degrees-of-freedom associated with
light particles with negligible couplings to the SM. Such a situation is motivated, for example, within the context of the
string axiverse, in which a large number of light and feebly-coupled scalars are predicted [90Ð93]. If the early universe
experienced a black hole dominated era, it follows from Eq. (23) that this would lead to! Ne! ! (0.04" 0.08)# Naxion ,
where Naxion is the number of axions that exist (see also Fig. 1). Given the current constraint of! Ne! <! 0.28 [28],
this indicates that Naxion <! 7, regardless ofTRH . Thus the existence of a black hole dominated era appears to be
inconsistent with the existence of a large axiverse (see also Ref. [84]).

As a second example, consider the Minimal Supersymmetric Standard Model (MSSM). In this case, approximately
half of the Hawking evaporation products will be superpartners for all black holes with a temperature greater than
the characteristic scale of superpartner masses,TBH >! M SUSY , corresponding toM BH <! 1010 g # (TeV /M SUSY ). If R-
parity is conserved, all such superpartners will decay to the lightest supersymmetric particle, producing a potentially
large relic abundance. If the lightest superpartner is weakly interacting (such as a neutralino), it may or may not
reach equilibrium with the SM bath, depending on the temperature at the time of evaporation. For M i >! 10! 2 g
# (TeV /M SUSY )2/ 3, Hawking evaporation will Þnalize at a temperature below that of neutralino freeze-out, leading to
a large relic abundance. If the early universe included a black hole dominated era, such a scenario is strongly excluded
(see also Refs. [94Ð97]). To obtain an abundance of superpartners that is equal to the measured density of dark matter,
we would require an initial black hole abundance (atT = 1010 GeV) of only ! BH / ! R ! 10! 20 (TeV /M SUSY )(108 g/M i ).

VI. SUMMARY AND CONCLUSIONS

If even a small abundance of black holes were present in the early universe, this population would evolve to
constitute a larger fraction of the total energy density, up to the point at which they evaporate or until matter-
radiation equality. From this perspective, it is natural to consider scenarios in which the early universe included an
era of black hole domination. To avoid altering the light element abundances, such black holes must evaporate prior
to BBN, corresponding to initial masses less thanM i <! 6 # 108 g.

Unlike most other mechanisms for particle production in the early universe, Hawking evaporation generates particles
democratically, producing all particle species including those with with small or negligible couplings to the SM. From
this perspective, black holes provide a well-motivated mechanism to produce both dark radiation and dark matter. If
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! 105 GeV
<latexit sha1_base64="bupxK4FEJwVGOpqlbbYmhpE5P3k=">AAAB/nicbZBLS8NAFIUn9VXrKyq4cTNYBBdSkrRquyu60GUF0xaaWCbTaTt0JgkzE6HELvwrblyouPV3uPPfmKZB6uPAwOGce5nL54WMSmUYn1puYXFpeSW/Wlhb39jc0rd3mjKIBCY2Dlgg2h6ShFGf2IoqRtqhIIh7jLS80cW0b90RIWng36hxSFyOBj7tU4xUEnX1PUdSDk3j9gTGjuDQOYaXpDnp6kWjZKSCf42ZmSLI1OjqH04vwBEnvsIMSdkxjVC5MRKKYkYmBSeSJER4hAakk1gfcSLdOL1/Ag+TpAf7gUier2Cazm/EiEs55l4yyZEayt/dNPyv60SqX3Vj6oeRIj6efdSPGFQBnMKAPSoIVmycGIQFTW6FeIgEwipBVkghWOWyZZrzEGq1qnVa+YZgW6VaybiuFOvnGY082AcH4AiY4AzUwRVoABtgcA8ewTN40R60J+1Ve5uN5rRsZxf8kPb+BdDglF8=</latexit><latexit sha1_base64="bupxK4FEJwVGOpqlbbYmhpE5P3k=">AAAB/nicbZBLS8NAFIUn9VXrKyq4cTNYBBdSkrRquyu60GUF0xaaWCbTaTt0JgkzE6HELvwrblyouPV3uPPfmKZB6uPAwOGce5nL54WMSmUYn1puYXFpeSW/Wlhb39jc0rd3mjKIBCY2Dlgg2h6ShFGf2IoqRtqhIIh7jLS80cW0b90RIWng36hxSFyOBj7tU4xUEnX1PUdSDk3j9gTGjuDQOYaXpDnp6kWjZKSCf42ZmSLI1OjqH04vwBEnvsIMSdkxjVC5MRKKYkYmBSeSJER4hAakk1gfcSLdOL1/Ag+TpAf7gUier2Cazm/EiEs55l4yyZEayt/dNPyv60SqX3Vj6oeRIj6efdSPGFQBnMKAPSoIVmycGIQFTW6FeIgEwipBVkghWOWyZZrzEGq1qnVa+YZgW6VaybiuFOvnGY082AcH4AiY4AzUwRVoABtgcA8ewTN40R60J+1Ve5uN5rRsZxf8kPb+BdDglF8=</latexit><latexit sha1_base64="bupxK4FEJwVGOpqlbbYmhpE5P3k=">AAAB/nicbZBLS8NAFIUn9VXrKyq4cTNYBBdSkrRquyu60GUF0xaaWCbTaTt0JgkzE6HELvwrblyouPV3uPPfmKZB6uPAwOGce5nL54WMSmUYn1puYXFpeSW/Wlhb39jc0rd3mjKIBCY2Dlgg2h6ShFGf2IoqRtqhIIh7jLS80cW0b90RIWng36hxSFyOBj7tU4xUEnX1PUdSDk3j9gTGjuDQOYaXpDnp6kWjZKSCf42ZmSLI1OjqH04vwBEnvsIMSdkxjVC5MRKKYkYmBSeSJER4hAakk1gfcSLdOL1/Ag+TpAf7gUier2Cazm/EiEs55l4yyZEayt/dNPyv60SqX3Vj6oeRIj6efdSPGFQBnMKAPSoIVmycGIQFTW6FeIgEwipBVkghWOWyZZrzEGq1qnVa+YZgW6VaybiuFOvnGY082AcH4AiY4AzUwRVoABtgcA8ewTN40R60J+1Ve5uN5rRsZxf8kPb+BdDglF8=</latexit><latexit sha1_base64="bupxK4FEJwVGOpqlbbYmhpE5P3k=">AAAB/nicbZBLS8NAFIUn9VXrKyq4cTNYBBdSkrRquyu60GUF0xaaWCbTaTt0JgkzE6HELvwrblyouPV3uPPfmKZB6uPAwOGce5nL54WMSmUYn1puYXFpeSW/Wlhb39jc0rd3mjKIBCY2Dlgg2h6ShFGf2IoqRtqhIIh7jLS80cW0b90RIWng36hxSFyOBj7tU4xUEnX1PUdSDk3j9gTGjuDQOYaXpDnp6kWjZKSCf42ZmSLI1OjqH04vwBEnvsIMSdkxjVC5MRKKYkYmBSeSJER4hAakk1gfcSLdOL1/Ag+TpAf7gUier2Cazm/EiEs55l4yyZEayt/dNPyv60SqX3Vj6oeRIj6efdSPGFQBnMKAPSoIVmycGIQFTW6FeIgEwipBVkghWOWyZZrzEGq1qnVa+YZgW6VaybiuFOvnGY082AcH4AiY4AzUwRVoABtgcA8ewTN40R60J+1Ve5uN5rRsZxf8kPb+BdDglF8=</latexit><latexit sha1_base64="bupxK4FEJwVGOpqlbbYmhpE5P3k=">AAAB/nicbZBLS8NAFIUn9VXrKyq4cTNYBBdSkrRquyu60GUF0xaaWCbTaTt0JgkzE6HELvwrblyouPV3uPPfmKZB6uPAwOGce5nL54WMSmUYn1puYXFpeSW/Wlhb39jc0rd3mjKIBCY2Dlgg2h6ShFGf2IoqRtqhIIh7jLS80cW0b90RIWng36hxSFyOBj7tU4xUEnX1PUdSDk3j9gTGjuDQOYaXpDnp6kWjZKSCf42ZmSLI1OjqH04vwBEnvsIMSdkxjVC5MRKKYkYmBSeSJER4hAakk1gfcSLdOL1/Ag+TpAf7gUier2Cazm/EiEs55l4yyZEayt/dNPyv60SqX3Vj6oeRIj6efdSPGFQBnMKAPSoIVmycGIQFTW6FeIgEwipBVkghWOWyZZrzEGq1qnVa+YZgW6VaybiuFOvnGY082AcH4AiY4AzUwRVoABtgcA8ewTN40R60J+1Ve5uN5rRsZxf8kPb+BdDglF8=</latexit>

! M Pl
<latexit sha1_base64="nMvi9BFo6coMPTK/OrwFgxijhjw=">AAAB93icbZBLS8NAFIUn9VXro1GXbgaL4KokbdF2V3TjRqhgbKEJYTKdtENnJmFmItTQX+LGhYpb/4o7/41pGsTXgYHDOfcyly+IGVXasj6M0srq2vpGebOytb2zWzX39m9VlEhMHByxSA4CpAijgjiaakYGsSSIB4z0g+nFou/fEaloJG70LCYeR2NBQ4qRziLfrLqKcnjlp67ksMfmvlmz6lYu+NfYhamBQj3ffHdHEU44ERozpNTQtmLtpUhqihmZV9xEkRjhKRqTYWYF4kR5aX74HB5nyQiGkcye0DBPv2+kiCs140E2yZGeqN/dIvyvGyY6bHspFXGiicDLj8KEQR3BBQU4opJgzWaZQVjS7FaIJ0girDNWlRxCo9ls2PZ3CJ1Ou3Ha+oLgNOqdunXdqnXPCxplcAiOwAmwwRnogkvQAw7AIAEP4Ak8G/fGo/FivC5HS0axcwB+yHj7BKYFksM=</latexit><latexit sha1_base64="nMvi9BFo6coMPTK/OrwFgxijhjw=">AAAB93icbZBLS8NAFIUn9VXro1GXbgaL4KokbdF2V3TjRqhgbKEJYTKdtENnJmFmItTQX+LGhYpb/4o7/41pGsTXgYHDOfcyly+IGVXasj6M0srq2vpGebOytb2zWzX39m9VlEhMHByxSA4CpAijgjiaakYGsSSIB4z0g+nFou/fEaloJG70LCYeR2NBQ4qRziLfrLqKcnjlp67ksMfmvlmz6lYu+NfYhamBQj3ffHdHEU44ERozpNTQtmLtpUhqihmZV9xEkRjhKRqTYWYF4kR5aX74HB5nyQiGkcye0DBPv2+kiCs140E2yZGeqN/dIvyvGyY6bHspFXGiicDLj8KEQR3BBQU4opJgzWaZQVjS7FaIJ0girDNWlRxCo9ls2PZ3CJ1Ou3Ha+oLgNOqdunXdqnXPCxplcAiOwAmwwRnogkvQAw7AIAEP4Ak8G/fGo/FivC5HS0axcwB+yHj7BKYFksM=</latexit><latexit sha1_base64="nMvi9BFo6coMPTK/OrwFgxijhjw=">AAAB93icbZBLS8NAFIUn9VXro1GXbgaL4KokbdF2V3TjRqhgbKEJYTKdtENnJmFmItTQX+LGhYpb/4o7/41pGsTXgYHDOfcyly+IGVXasj6M0srq2vpGebOytb2zWzX39m9VlEhMHByxSA4CpAijgjiaakYGsSSIB4z0g+nFou/fEaloJG70LCYeR2NBQ4qRziLfrLqKcnjlp67ksMfmvlmz6lYu+NfYhamBQj3ffHdHEU44ERozpNTQtmLtpUhqihmZV9xEkRjhKRqTYWYF4kR5aX74HB5nyQiGkcye0DBPv2+kiCs140E2yZGeqN/dIvyvGyY6bHspFXGiicDLj8KEQR3BBQU4opJgzWaZQVjS7FaIJ0girDNWlRxCo9ls2PZ3CJ1Ou3Ha+oLgNOqdunXdqnXPCxplcAiOwAmwwRnogkvQAw7AIAEP4Ak8G/fGo/FivC5HS0axcwB+yHj7BKYFksM=</latexit><latexit sha1_base64="nMvi9BFo6coMPTK/OrwFgxijhjw=">AAAB93icbZBLS8NAFIUn9VXro1GXbgaL4KokbdF2V3TjRqhgbKEJYTKdtENnJmFmItTQX+LGhYpb/4o7/41pGsTXgYHDOfcyly+IGVXasj6M0srq2vpGebOytb2zWzX39m9VlEhMHByxSA4CpAijgjiaakYGsSSIB4z0g+nFou/fEaloJG70LCYeR2NBQ4qRziLfrLqKcnjlp67ksMfmvlmz6lYu+NfYhamBQj3ffHdHEU44ERozpNTQtmLtpUhqihmZV9xEkRjhKRqTYWYF4kR5aX74HB5nyQiGkcye0DBPv2+kiCs140E2yZGeqN/dIvyvGyY6bHspFXGiicDLj8KEQR3BBQU4opJgzWaZQVjS7FaIJ0girDNWlRxCo9ls2PZ3CJ1Ou3Ha+oLgNOqdunXdqnXPCxplcAiOwAmwwRnogkvQAw7AIAEP4Ak8G/fGo/FivC5HS0axcwB+yHj7BKYFksM=</latexit><latexit sha1_base64="nMvi9BFo6coMPTK/OrwFgxijhjw=">AAAB93icbZBLS8NAFIUn9VXro1GXbgaL4KokbdF2V3TjRqhgbKEJYTKdtENnJmFmItTQX+LGhYpb/4o7/41pGsTXgYHDOfcyly+IGVXasj6M0srq2vpGebOytb2zWzX39m9VlEhMHByxSA4CpAijgjiaakYGsSSIB4z0g+nFou/fEaloJG70LCYeR2NBQ4qRziLfrLqKcnjlp67ksMfmvlmz6lYu+NfYhamBQj3ffHdHEU44ERozpNTQtmLtpUhqihmZV9xEkRjhKRqTYWYF4kR5aX74HB5nyQiGkcye0DBPv2+kiCs140E2yZGeqN/dIvyvGyY6bHspFXGiicDLj8KEQR3BBQU4opJgzWaZQVjS7FaIJ0girDNWlRxCo9ls2PZ3CJ1Ou3Ha+oLgNOqdunXdqnXPCxplcAiOwAmwwRnogkvQAw7AIAEP4Ak8G/fGo/FivC5HS0axcwB+yHj7BKYFksM=</latexit>

FIG. 4. In contrast to thermal relics, Hawking radiation in a black hole dominated scenario can produce dark radiation in the
form of particles with masses up to mDR ! 5.5 MeV " (M i / 108 g)1/ 2 , as well as dark matter for particles with masses between
mDM ! 1011 GeV " (108 g/M i )5/ 2 and the Planck scale. For thermal relics, masses below! MeV spoil early universe cosmology
[98] and masses above" 105 GeV overclose the universe in perturbative, unitary theories [99].

Comparing to Conventional Thermal Relics

From BH domination, note that  heavier masses can count as radiation!

b/c typically emitted at higher energies than the SM bath

[Assumes that the dark radiation does not thermalize with the SM]



Image: WMAP

Concluding Remarks

-We donÕt know what happened before BBN

-Early BH population:  evaporation can seed initial conditions for BBN

-Can produce super heavy DM and exotic particles (added Neff)

ModiÞed structure formation (Ericeck 2015)?

Vary distribution of BH masses?

Add BH spins or charges?

Other possibilities:

-Interesting Neff range to reduce Hubble tension 


