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What if we add a PBH population early on?
t ! 0
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Ensure these proceed as usual

?

e.g. from modiÞed power spectrum
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Hawking Radiation
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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

g! ,H (TBH ) &
#

i

wi gi,H , gi,H =

$
%%%&

%%%'

1.82 s = 0
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

" % 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.

mi < T BH
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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.

 BH 

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

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



Image: WMAP

Hawking Radiation

2

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

The null results of direct detection [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

M BH (t) = M 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.

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

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.

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 =
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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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1.82 s = 0
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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

M BH (t) = M i
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and its evaporation time " can be written as
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Although black holes can undergo mergers to form larger black holes and gain mass through accretion in the early
universe, we expect these processes to play an important role only at very early times, corresponding 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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where G % 3.8 is the appropriate graybody factor, the temperature of a black hole is
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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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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.
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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.
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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
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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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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
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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 M 0
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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
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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 )T2
BH

480

!
! g! (TR )

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

"
TR

TBH

# 4

# 1

$

. (B2)

Since ! g! / Gg! ,H (1 + c2
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/M BH )1/ 2.

Accretion + Hawking radiation contribution

! g! (TR )
(1 + c2

s)3/ 2
! O(1)
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Accretion only matters if the radiation bath is hotter than BH

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 DMÕs 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 =
M 2

Pl

8! M BH
, M Pl = 1 .22! 1019 GeV, (1)

and using the Schwarzschild radiusr s = 2GM BH = 2M BH /M 2
Pl , the mass evaporation rate is given by

dMBH

dt
" #

! 2g!

120
(4! r 2

s )T4
BH = #

! 2g!

120

!
16! M 2

BH

M 4
Pl

"
T4

BH (2)

= #
! 2g!

120

!
16! M 2

BH

M 4
Pl

" !
M 2

Pl

8! M BH

" 4

(3)

= #
g! (TBH )M 4

Pl

30720! M 2
BH

(4)

where we have neglected Ògrey bodyÓ factors, which we will insert later. The di! erential mass decrease is related to
the emitted energy and temperature as

dMBH = # dE = #
M 2

Pl

8!
dTBH

T2
BH

, (5)

and for a temperature ofTBH , the radiated particles have a mean energy 3TBH , so the di! erential number of particles
emitted is

dN =
dE

3TBH
=

M 2
Pl

24!
dTBH

T3
BH

, (6)

and the total number of particles emitted by a BH of initial mass M 0 with initial temperature T0 = M 2
Pl / 8! M 0 is

N =
# "

T0

dN =
M 2

Pl

24!

# "

T0

dTBH

T3
BH

=
M 2

Pl

48! T2
0

=
4! M 2

0

3M 2
Pl

. (7)

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

dN! =
g!

g" + g!
dN =$ N! =

# "

T0

dN! =
M 2

Pl

24!

# "

m !

dTBH

T3
BH

g!

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, whereHRH = 1 .66

$
g! (TRH )T2

RH /M Pl , the energy
density satisÞes

" BH (tRH ) = M 0nBH (tRH ) = f BH " RH = f BH
! 2g! (TRH )T4

RH

30
, (9)
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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, whereHRH = 1 .66
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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 DMÕs 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 =
M 2
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, M Pl = 1 .22! 1019 GeV, (1)

and using the Schwarzschild radiusr s = 2GM BH = 2M BH /M 2
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where we have neglected Ògrey bodyÓ factors, which we will insert later. The di! erential mass decrease is related to
the emitted energy and temperature as
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and for a temperature ofTBH , the radiated particles have a mean energy 3TBH , so the di! erential number of particles
emitted is
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N =
# "

T0

dN =
M 2

Pl

24!

# "

T0

dTBH

T3
BH

=
M 2

Pl

48! T2
0

=
4! M 2

0

3M 2
Pl

. (7)

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, whereHRH = 1 .66

$
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RH /M Pl , the energy
density satisÞes

" BH (tRH ) = M 0nBH (tRH ) = f BH " RH = f BH
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Including Òbranching fractionÓ to DM particles 

2

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
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In the rest of this section we evaluate the

A. BH Energy Density

Until the radiation density becomes appreciable,H (t) = 2 / 3t =
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is known, so" BH can be directly integrated
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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
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and have not yet corrected for Don PageÕs gray body factors. However, following the MacGibbon formula which
evaluates the full rate
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, (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
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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
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Total DM yield

See also Baumann, Steinhart, Turok 0703250
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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:
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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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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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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
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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
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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

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
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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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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
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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
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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
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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
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
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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.

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:

H 2 !
!

ȧ
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evaluated at the photon temperature T , where the sum is over all bosons/fermions B/F with temperatures TB/F
and spin states gB/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 universe’s 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 satisfies
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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 satisfied 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 (at t = #), the universe will be filled 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:
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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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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. 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
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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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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

d! SM

dt
= ! 4! SM ! ! BH

dMBH

dt

!
!
!
!
SM

1
M BH
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d! DR

dt
= ! 4! DR ! ! BH

dMBH

dt
|DR

1
M BH
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DR density integrable

! Ne! !
! DR (TEQ )
! SM (TEQ )
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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
=

!
aRH

aEQ

" !
g" ,S (TRH )
g" ,S (TEQ )

" 1/ 3

, (19)

and the energy density in SM radiation is diluted by the following factor:

! R (TEQ )
! R (TRH )

=
!

aRH

aEQ

" 4 !
g" (TEQ )
g" (TRH )

" !
g" ,S (TRH )
g" ,S (TEQ )

" 4/ 3

=
!

aRH

aEQ

" 4 !
g" (TEQ ) g" ,S (TRH )1/ 3

g" ,S (TEQ )4/ 3

"
. (20)

Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes

! DR (TEQ )
! R (TEQ )

=
!

gDR ,H

g" ,H

" !
g" ,S (TEQ )4/ 3

g" (TEQ ) g" ,S (TRH )1/ 3

"
, (21)

which is related to the e! ective number of neutrino species via

" Ne! =
! DR (TEQ )
! R (TEQ )

#
N! +

8
7

!
11
4

" 4/ 3$
=

!
gDR ,H

g" ,H

"!
g" S (TEQ )
g" S(TRH )

" 1/ 3!
g" S (TEQ )
g" (TEQ )

"#
N! +

8
7

!
11
4

" 4/ 3$
. (22)

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.

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

RH temperature of the SM bath once BH are gone

Dark Radiation from PBH Domination



Step 2: Determine SM radiation density at matter-radiation equality
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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)

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

TEQ

TRH
=

!
aRH

aEQ

" !
g" ,S (TRH )
g" ,S (TEQ )

" 1/ 3

, (19)

and the energy density in SM radiation is diluted by the following factor:

! R (TEQ )
! R (TRH )

=
!

aRH

aEQ

" 4 !
g" (TEQ )
g" (TRH )

" !
g" ,S (TRH )
g" ,S (TEQ )

" 4/ 3

=
!

aRH

aEQ

" 4 !
g" (TEQ ) g" ,S (TRH )1/ 3

g" ,S (TEQ )4/ 3

"
. (20)

Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes

! DR (TEQ )
! R (TEQ )

=
!

gDR ,H

g" ,H

" !
g" ,S (TEQ )4/ 3

g" (TEQ ) g" ,S (TRH )1/ 3

"
, (21)

which is related to the e! ective number of neutrino species via
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! DR (TEQ )
! R (TEQ )
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4

" 4/ 3$
=

!
gDR ,H
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g" S (TEQ )
g" S(TRH )

" 1/ 3!
g" S (TEQ )
g" (TEQ )
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4
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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.

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

TEQ = 0 .75 eV
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Step 2: Determine SM radiation density at matter-radiation equality
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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,
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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 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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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.
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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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Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes
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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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Step 3: calculate the ratio of dark/visible radiation
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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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!
!
!
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1
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, (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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=
"

aRH

aEQ

# 4
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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)

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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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
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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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
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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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" 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
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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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.
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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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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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Dirac fermions. This conclusion holds even for low values ofTRH # 100 GeV because the BH Òbranching fractionÓ
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and the temperature of the universe following their evaporation, assuming black hole domination.
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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
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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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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.

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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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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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="D6SCWmTCwL6F36gppIsLKK+LrLQ=">AAAB/nicbZBLS8NAFIUnPmt9RQU3bgaL4EJKkhZtdkUXuqxgH9DEMplO2qEzSZiZCCV24V9x40LFrb/Dnf/GNA1SHwcGDufcy1w+L2JUKsP41BYWl5ZXVgtrxfWNza1tfWe3JcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDHt23dESBoGN2ocEZejQUB9ipFKo56+70jKoWnc2jBxBIfOCbwkrUlPLxllIxP8a8zclECuRk//cPohjjkJFGZIyq5pRMpNkFAUMzIpOrEkEcIjNCDd1AaIE+km2f0TeJQmfeiHIn2Bglk6v5EgLuWYe+kkR2oof3fT8L+uGyu/5iY0iGJFAjz7yI8ZVCGcwoB9KghWbJwahAVNb4V4iATCKkVWzCBYlYplmvMQbLtmnVa/ITStsl02rqul+nlOowAOwCE4BiY4A3VwBRqgCTC4B4/gGbxoD9qT9qq9zUYXtHxnD/yQ9v4F1yCUYw==</latexit><latexit sha1_base64="D6SCWmTCwL6F36gppIsLKK+LrLQ=">AAAB/nicbZBLS8NAFIUnPmt9RQU3bgaL4EJKkhZtdkUXuqxgH9DEMplO2qEzSZiZCCV24V9x40LFrb/Dnf/GNA1SHwcGDufcy1w+L2JUKsP41BYWl5ZXVgtrxfWNza1tfWe3JcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDHt23dESBoGN2ocEZejQUB9ipFKo56+70jKoWnc2jBxBIfOCbwkrUlPLxllIxP8a8zclECuRk//cPohjjkJFGZIyq5pRMpNkFAUMzIpOrEkEcIjNCDd1AaIE+km2f0TeJQmfeiHIn2Bglk6v5EgLuWYe+kkR2oof3fT8L+uGyu/5iY0iGJFAjz7yI8ZVCGcwoB9KghWbJwahAVNb4V4iATCKkVWzCBYlYplmvMQbLtmnVa/ITStsl02rqul+nlOowAOwCE4BiY4A3VwBRqgCTC4B4/gGbxoD9qT9qq9zUYXtHxnD/yQ9v4F1yCUYw==</latexit><latexit sha1_base64="D6SCWmTCwL6F36gppIsLKK+LrLQ=">AAAB/nicbZBLS8NAFIUnPmt9RQU3bgaL4EJKkhZtdkUXuqxgH9DEMplO2qEzSZiZCCV24V9x40LFrb/Dnf/GNA1SHwcGDufcy1w+L2JUKsP41BYWl5ZXVgtrxfWNza1tfWe3JcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDHt23dESBoGN2ocEZejQUB9ipFKo56+70jKoWnc2jBxBIfOCbwkrUlPLxllIxP8a8zclECuRk//cPohjjkJFGZIyq5pRMpNkFAUMzIpOrEkEcIjNCDd1AaIE+km2f0TeJQmfeiHIn2Bglk6v5EgLuWYe+kkR2oof3fT8L+uGyu/5iY0iGJFAjz7yI8ZVCGcwoB9KghWbJwahAVNb4V4iATCKkVWzCBYlYplmvMQbLtmnVa/ITStsl02rqul+nlOowAOwCE4BiY4A3VwBRqgCTC4B4/gGbxoD9qT9qq9zUYXtHxnD/yQ9v4F1yCUYw==</latexit><latexit sha1_base64="D6SCWmTCwL6F36gppIsLKK+LrLQ=">AAAB/nicbZBLS8NAFIUnPmt9RQU3bgaL4EJKkhZtdkUXuqxgH9DEMplO2qEzSZiZCCV24V9x40LFrb/Dnf/GNA1SHwcGDufcy1w+L2JUKsP41BYWl5ZXVgtrxfWNza1tfWe3JcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDHt23dESBoGN2ocEZejQUB9ipFKo56+70jKoWnc2jBxBIfOCbwkrUlPLxllIxP8a8zclECuRk//cPohjjkJFGZIyq5pRMpNkFAUMzIpOrEkEcIjNCDd1AaIE+km2f0TeJQmfeiHIn2Bglk6v5EgLuWYe+kkR2oof3fT8L+uGyu/5iY0iGJFAjz7yI8ZVCGcwoB9KghWbJwahAVNb4V4iATCKkVWzCBYlYplmvMQbLtmnVa/ITStsl02rqul+nlOowAOwCE4BiY4A3VwBRqgCTC4B4/gGbxoD9qT9qq9zUYXtHxnD/yQ9v4F1yCUYw==</latexit><latexit sha1_base64="D6SCWmTCwL6F36gppIsLKK+LrLQ=">AAAB/nicbZBLS8NAFIUnPmt9RQU3bgaL4EJKkhZtdkUXuqxgH9DEMplO2qEzSZiZCCV24V9x40LFrb/Dnf/GNA1SHwcGDufcy1w+L2JUKsP41BYWl5ZXVgtrxfWNza1tfWe3JcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDHt23dESBoGN2ocEZejQUB9ipFKo56+70jKoWnc2jBxBIfOCbwkrUlPLxllIxP8a8zclECuRk//cPohjjkJFGZIyq5pRMpNkFAUMzIpOrEkEcIjNCDd1AaIE+km2f0TeJQmfeiHIn2Bglk6v5EgLuWYe+kkR2oof3fT8L+uGyu/5iY0iGJFAjz7yI8ZVCGcwoB9KghWbJwahAVNb4V4iATCKkVWzCBYlYplmvMQbLtmnVa/ITStsl02rqul+nlOowAOwCE4BiY4A3VwBRqgCTC4B4/gGbxoD9qT9qq9zUYXtHxnD/yQ9v4F1yCUYw==</latexit>

Hawking Radiation

Dark 
RadiationThermal Relic Dark Matter " # > " CDM

! 1 eV
<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].
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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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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].
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]

Comparing to Thermal Relics



Image: WMAP

Overview

Black Hole Domination

Hawking Radiation

Subdominant BH Population

What About Kerr BH?



Assumptions

Mergers Spin Up BH  Ñ>  Kerr BH
2

1.BH formation 3. Mergers 4. Hawking Radiation2. Binary Capture

FIG. 1. The time sequence of early universe events considered in this paper. (1) BH Formation: Small-scale density
perturbations collapse after inßation to form a primordial BH population with little angular momentum, a! ! 0. Even though
the energy density associated with this population may have been small compared to the total at this time, the relative fraction
of the energy density in BHs increases until they evaporate. (2) Capture: If the binary capture rate is larger than the Hubble
rate, ! bc > H , the BHs will e " ciently form gravitational bound states. (3) Mergers: Once the capture rate freezes out,
! bc ! H , bound objects are no longer disrupted by multi-body dynamics and can begin to inspiral, leading to the production of
a stochastic background of high-frequency gravitational waves. The energy density in these gravitational waves can contribute
signiÞcantly to # Ne! . (4) Evaporation: If the BHs merge before evaporating, the population acquires signiÞcant angular
momentum, a! ! 0.7, which increases the proportion of Hawking radiation in gravitons. When the BH population evaporates,
it produces Standard Model particles which thermalize to create the initial conditions for the hot radiation dominated early
universe. The gravitons produced as part of this radiation do not thermalize, but instead contribute to # Ne! .

If the early universe had ever been dominated by Schwarzschild BHs, each type of new light, decoupled particle
species is robustly predicted to contribute to! Ne! at the following level [29]:

! Ne! !

!
"""""#

"""""$

0.05" 0.1 Real Scalar
0.1 " 0.3 Dirac Fermion
0.02" 0.04 Massless Vector
0.07" 0.14 Massive Vector
0.003" 0.006 Graviton

(Schwarzschild BH Domination) , (2)

where the larger value for each species corresponds to BH masses# 109 g, which evaporate just before BBN and the
smaller value corresponds to BH masses< 105 g, whose Hawking evaporation reheats the universe toT $ 200 GeV,
su" cient to produce all known particle species. Intriguingly, with the exception of the graviton, every contribution
in Eq. (2) is within the projected sensitivity of stage IV CMB experiments, ! Ne! # 0.02 [33]. A major result of our
paper is the generalization of this result to the case of rotating BHs, as summarized in Fig. 5.

It has long been known that Hawking radiation rates are sensitive to the angular momentum of the BH [34], and
in this paper we revisit graviton and gravitational wave signatures that arise from an early universe population of
evaporating Kerr BHs [35]. Although the simplest scenarios for primordial BH generation yield an initial population
of Schwarzschild BHs, we identify regions of parameter space in which the BHs undergo one or more mergers in the
early universe, resulting in a secondary BH population with substantial spin. This possibility leads to at least three
potentially observable signals:

1. Gravitational Waves, ! GW
BH mergers in the early universe could produce a signiÞcant energy density of gravitational waves, although
with a spectrum that peaks well above the range probed by detectors such as LIGO, VIRGO, BBO, ET or LISA.
If these mergers occur only shortly before the BHs evaporate, future space-based gravitational wave detectors
could potentially probe this signal.

2. Dark Radiation from Mergers, " Ne! ,GW
The gravitational waves generated by these BH mergers could also contribute signiÞcantly to the energy density
in radiation ( i.e. to Ne! ). If these mergers occur only shortly before the BHs evaporate, we Þnd that! Ne! can
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ABSTRACT
One proposed formation channel for stellar mass black holes (BHs) is through hierarchical mergers of smaller
BHs. Repeated mergers between comparable mass BHs leave an imprint on the spin of the resulting BH, since
the Þnal BH spin is largely determined by the orbital angular momentum of the binary. We Þnd that for stellar
mass BHs forming hierarchically the distribution of spin magnitudes is universal, with a peak ata ! 0.7 and
little support belowa ! 0.5. We show that the spin distribution is robust against changes to the mass ratio
of the merging binaries, the initial spin distribution of the Þrst generation of BHs, and the number of merger
generations. While we assume an isotropic distribution of initial spin directions, spins that are preferentially
aligned or antialigned do not qualitatively change our results. We also consider a Òcluster catastropheÓ model
for BH formation in which we allow for mergers of arbitrary mass ratios and show that this scenario predicts
a unique spin distribution that is similar to the universal distribution derived for major majors. We explore the
ability of spin measurements from ground-based gravitational-wave (GW) detectors to constrain hierarchical
merger scenarios. We apply a hierarchical Bayesian mixture model to mock GW data and argue that the
fraction of BHs that formed through hierarchical mergers will be constrained withO(100) LIGO binary black
hole detections, while withO(10) detections we could falsify a model in which all component BHs form
hierarchically.

1. INTRODUCTION

LIGOÕs Þrst detections of gravitational waves (GWs) from
binary black hole (BBH) systems allow us to probe the forma-
tion histories of stellar mass binary black holes (BHs; Abbott
et al. 2016a). Various formation channels have been proposed
for the component black holes in these binaries (Belczyn-
ski et al. 2016; Rodriguez et al. 2016b; de Mink & Mandel
2016; Bird et al. 2016; Clesse & Garc’a-Bellido 2017; An-
tonini & Rasio 2016; Inayoshi et al. 2017), and these can be
broadly separated into two classes: isolated binary evolution
and dynamical binary formation channels that involve Þrst-
generation BHs (e.g., resulting from stellar collapse) and dy-
namical formation channels that involve BHs built up from
the mergers of earlier generations of BHs. In this work, we
consider the latter group: BH formation through hierarchical
mergers wherein a BH in a BH binary is produced by a merger
of two smaller BHs from a previous generation, and the previ-
ous generationÕs BHs may themselves be merger products of
an even earlier generation. Hierarchical mergers may occur
in high-density environments where some fraction of merger
products do not escape despite receiving recoil kicks (Merritt
et al. 2004) and may therefore undergo another merger. The
hierarchical merger scenario has been proposed in the con-
text of dynamical formation in nuclear star clusters (Antonini
& Rasio 2016), young stellar clusters (Mapelli 2016), AGN
disks (McKernan et al. 2017), as well as in the formation of
primordial BHs (Clesse & Garc’a-Bellido 2017).

In anticipation of future LIGO BBH detections, we de-
scribe a method to determine whether or not the observed BHs

formed hierarchically. In particular, the hierarchical forma-
tion channel can be probed by analyzing the distribution of
observed spin magnitudes of the component BHs.

Each BH in a binary has a massmi (i = 1,2) and spin

Si = ai
Gm2

i

c
öSi, (1)

whereai is the dimensionless spin magnitude andöSi is the unit
spin vector. Because the spins of the BHs in a binary system
inßuence the dynamics of the inspiral and merger, a GW de-
tection provides a measurement of the component spins (Ab-
bott et al. 2016b).

For an individual GW event, the spin measurements are of-
ten poorly constrained (Vitale et al. 2014; PŸrrer et al. 2016),
but we can combine individual spin posteriors to examine
the distribution of dimensionless spin magnitudes across all
events. In this Letter, we show that the hierarchical merger
scenario yields a unique distribution of BH spin magnitudes
a; therefore, by measuring the spins of observed systems, we
can constrain this formation process. Our approach is com-
plementary to that of Gerosa & Berti (2017), who study the
expected distributions of mass, redshift, and binary spin pa-
rameter! eff for populations of Þrst- and second-generation
BHs and show how to use all three measurements to constrain
the fraction of second-generation BHs in a detected popula-
tion. In contrast, we focus solely on GW measurements of
spin magnitudea and consider arbitrary generations of previ-
ous mergers.

To construct the distribution of BH spin magnitudes re-
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Quinlan, Shapiro 1989
2

1.BH formation 3. Mergers 4. Hawking Radiation2. Binary Capture

FIG. 1. The time sequence of early universe events considered in this paper. (1) BH Formation: Small-scale density
perturbations collapse after inßation to form a primordial BH population with little angular momentum, a! ! 0. Even though
the energy density associated with this population may have been small compared to the total at this time, the relative fraction
of the energy density in BHs increases until they evaporate. (2) Capture: If the binary capture rate is larger than the Hubble
rate, ! bc > H , the BHs will e " ciently form gravitational bound states. (3) Mergers: Once the capture rate freezes out,
! bc ! H , bound objects are no longer disrupted by multi-body dynamics and can begin to inspiral, leading to the production of
a stochastic background of high-frequency gravitational waves. The energy density in these gravitational waves can contribute
signiÞcantly to # Ne! . (4) Evaporation: If the BHs merge before evaporating, the population acquires signiÞcant angular
momentum, a! ! 0.7, which increases the proportion of Hawking radiation in gravitons. When the BH population evaporates,
it produces Standard Model particles which thermalize to create the initial conditions for the hot radiation dominated early
universe. The gravitons produced as part of this radiation do not thermalize, but instead contribute to # Ne! .

If the early universe had ever been dominated by Schwarzschild BHs, each type of new light, decoupled particle
species is robustly predicted to contribute to! Ne! at the following level [29]:

! Ne! !

!
"""""#

"""""$

0.05" 0.1 Real Scalar
0.1 " 0.3 Dirac Fermion
0.02" 0.04 Massless Vector
0.07" 0.14 Massive Vector
0.003" 0.006 Graviton

(Schwarzschild BH Domination) , (2)

where the larger value for each species corresponds to BH masses# 109 g, which evaporate just before BBN and the
smaller value corresponds to BH masses< 105 g, whose Hawking evaporation reheats the universe toT $ 200 GeV,
su" cient to produce all known particle species. Intriguingly, with the exception of the graviton, every contribution
in Eq. (2) is within the projected sensitivity of stage IV CMB experiments, ! Ne! # 0.02 [33]. A major result of our
paper is the generalization of this result to the case of rotating BHs, as summarized in Fig. 5.

It has long been known that Hawking radiation rates are sensitive to the angular momentum of the BH [34], and
in this paper we revisit graviton and gravitational wave signatures that arise from an early universe population of
evaporating Kerr BHs [35]. Although the simplest scenarios for primordial BH generation yield an initial population
of Schwarzschild BHs, we identify regions of parameter space in which the BHs undergo one or more mergers in the
early universe, resulting in a secondary BH population with substantial spin. This possibility leads to at least three
potentially observable signals:

1. Gravitational Waves, ! GW
BH mergers in the early universe could produce a signiÞcant energy density of gravitational waves, although
with a spectrum that peaks well above the range probed by detectors such as LIGO, VIRGO, BBO, ET or LISA.
If these mergers occur only shortly before the BHs evaporate, future space-based gravitational wave detectors
could potentially probe this signal.

2. Dark Radiation from Mergers, " Ne! ,GW
The gravitational waves generated by these BH mergers could also contribute signiÞcantly to the energy density
in radiation ( i.e. to Ne! ). If these mergers occur only shortly before the BHs evaporate, we Þnd that! Ne! can

Cross section

6

¥ Initial Black Hole Domination: As an alternative, we also adopt a more agnostic treatment of the early
universe, in which we calculate! Ne! only in terms of the BH population mass and the Hubble rate at BH
domination, independent of how such a condition was realized.

Finally, we note that in order to realize the interesting merger history that we consider below, we must require
that the initial energy density (or equivalently the initial temperature) of early universe was quite high; occasionally
higher than the nominal upper limits from CMB tensor modes, assuming single-Þeld slow-roll inßation and other
standard cosmological assumptions. However, our scenario violates these assumptions by deÞnition since, 1) the
primordial power spectrum must be modiÞed relative to the predictions of single-Þeld, slow-roll inßation and, 2) the
post-inßationary evolution of a BH dominated early universe is nonstandard by deÞnition. While such modiÞcations
are, in principle, still subject to some constraints from the limits on CMB tensor modes, the precise nature of such a
limit is highly model dependent and requires a dedicated analysis; however, such questions are beyond the scope of
the present work.

B. Binary Capture

In order for a pair of BHs to undergo a merger, they must Þrst become gravitationally bound to each other and
then inspiral through the emission of gravitational waves. For BHs of massesM 1 and M 2, the binary capture cross
section is given by [50Ð52]:
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where, in the last step, we have taken theM 1 = M 2 limit, which we will assume (for simplicity) throughout this
paper. Note that this cross section is relatively insensitive to the ratio of the BH masses, varying by only a factor of
Þve acrossM 1/M 2 = 10! 3 to 103 (for a Þxed value ofM 1 + M 2).

A necessary, but not necessarily su" cient, condition for BHs to merge e" ciently is that their binary capture rate
exceeds the rate of Hubble expansion. The capture rate is given as follows:

#C = nBH ! C v, (14)

where nBH = #BH /M is the BH number density and v is their relative velocity. Using the general expression forH in
Eq. (10) and Te! in Eq. (11), the time-dependent ratio of these rates is
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where, in the last line, we have used#BH = f BH #T and write the total energy density in terms of the e$ective
temperature. Note that both before and after BH domination, the capture rate decreases relative to Hubble as the
universe expands, so if the initial conditions do not allow for capture, no mergers will ever take place.

Conversely, when#C # H , a typical BH will undergo many such encounters, potentially involving complex multi-
body dynamics. Here, we simply assume that this continues until#C $ H , at which point the process of binary
capture e$ectively ceases, leaving the overwhelming majority of BHs in gravitationally bound binary systems; we
refer to this as the time of Òcapture freeze-outÓ. Setting#C = H in Eq. (15), the e$ective temperature at capture
freeze-out can be written

Te! (aCF ) % 2.6 & 109 GeV
"

v
10! 3

# 11/ 14"
108 g
M i

# 1/ 2

f BH (aCF )! 1/ 2, (16)

where we have adopted a reference value ofv = 10! 3, motivated by the gravitational acceleration associated with
density perturbations in the early universe (see Appendices A and B). Note that Eq. (16) simultaneously covers two
possible scenarios:

¥ Capture Freeze-Out in Radiation Domination: If capture freeze-out occurs during radiation domination,
#C /H ' a! 1, Te! (aCF ) = Ti /a CF , and f BH (aCF ) = f BH i aCF , where the scale factor at capture freeze-out can
be obtained from Eq. (15),

aCF "
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P v11/ 7

92Mf BH i T
2
i

. (17)
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6

¥ Initial Black Hole Domination: As an alternative, we also adopt a more agnostic treatment of the early
universe, in which we calculate! Ne! only in terms of the BH population mass and the Hubble rate at BH
domination, independent of how such a condition was realized.

Finally, we note that in order to realize the interesting merger history that we consider below, we must require
that the initial energy density (or equivalently the initial temperature) of early universe was quite high; occasionally
higher than the nominal upper limits from CMB tensor modes, assuming single-Þeld slow-roll inßation and other
standard cosmological assumptions. However, our scenario violates these assumptions by deÞnition since, 1) the
primordial power spectrum must be modiÞed relative to the predictions of single-Þeld, slow-roll inßation and, 2) the
post-inßationary evolution of a BH dominated early universe is nonstandard by deÞnition. While such modiÞcations
are, in principle, still subject to some constraints from the limits on CMB tensor modes, the precise nature of such a
limit is highly model dependent and requires a dedicated analysis; however, such questions are beyond the scope of
the present work.

B. Binary Capture

In order for a pair of BHs to undergo a merger, they must Þrst become gravitationally bound to each other and
then inspiral through the emission of gravitational waves. For BHs of massesM 1 and M 2, the binary capture cross
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where, in the last step, we have taken theM 1 = M 2 limit, which we will assume (for simplicity) throughout this
paper. Note that this cross section is relatively insensitive to the ratio of the BH masses, varying by only a factor of
Þve acrossM 1/M 2 = 10! 3 to 103 (for a Þxed value ofM 1 + M 2).

A necessary, but not necessarily su" cient, condition for BHs to merge e" ciently is that their binary capture rate
exceeds the rate of Hubble expansion. The capture rate is given as follows:

#C = nBH ! C v, (14)

where nBH = #BH /M is the BH number density and v is their relative velocity. Using the general expression forH in
Eq. (10) and Te! in Eq. (11), the time-dependent ratio of these rates is
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where, in the last line, we have used#BH = f BH #T and write the total energy density in terms of the e$ective
temperature. Note that both before and after BH domination, the capture rate decreases relative to Hubble as the
universe expands, so if the initial conditions do not allow for capture, no mergers will ever take place.

Conversely, when#C # H , a typical BH will undergo many such encounters, potentially involving complex multi-
body dynamics. Here, we simply assume that this continues until#C $ H , at which point the process of binary
capture e$ectively ceases, leaving the overwhelming majority of BHs in gravitationally bound binary systems; we
refer to this as the time of Òcapture freeze-outÓ. Setting#C = H in Eq. (15), the e$ective temperature at capture
freeze-out can be written
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where we have adopted a reference value ofv = 10! 3, motivated by the gravitational acceleration associated with
density perturbations in the early universe (see Appendices A and B). Note that Eq. (16) simultaneously covers two
possible scenarios:

¥ Capture Freeze-Out in Radiation Domination: If capture freeze-out occurs during radiation domination,
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¥ Initial Black Hole Domination: As an alternative, we also adopt a more agnostic treatment of the early
universe, in which we calculate! Ne! only in terms of the BH population mass and the Hubble rate at BH
domination, independent of how such a condition was realized.

Finally, we note that in order to realize the interesting merger history that we consider below, we must require
that the initial energy density (or equivalently the initial temperature) of early universe was quite high; occasionally
higher than the nominal upper limits from CMB tensor modes, assuming single-Þeld slow-roll inßation and other
standard cosmological assumptions. However, our scenario violates these assumptions by deÞnition since, 1) the
primordial power spectrum must be modiÞed relative to the predictions of single-Þeld, slow-roll inßation and, 2) the
post-inßationary evolution of a BH dominated early universe is nonstandard by deÞnition. While such modiÞcations
are, in principle, still subject to some constraints from the limits on CMB tensor modes, the precise nature of such a
limit is highly model dependent and requires a dedicated analysis; however, such questions are beyond the scope of
the present work.

B. Binary Capture

In order for a pair of BHs to undergo a merger, they must Þrst become gravitationally bound to each other and
then inspiral through the emission of gravitational waves. For BHs of massesM 1 and M 2, the binary capture cross
section is given by [50Ð52]:
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where, in the last step, we have taken theM 1 = M 2 limit, which we will assume (for simplicity) throughout this
paper. Note that this cross section is relatively insensitive to the ratio of the BH masses, varying by only a factor of
Þve acrossM 1/M 2 = 10! 3 to 103 (for a Þxed value ofM 1 + M 2).

A necessary, but not necessarily su" cient, condition for BHs to merge e" ciently is that their binary capture rate
exceeds the rate of Hubble expansion. The capture rate is given as follows:

#C = nBH ! C v, (14)

where nBH = #BH /M is the BH number density and v is their relative velocity. Using the general expression forH in
Eq. (10) and Te! in Eq. (11), the time-dependent ratio of these rates is
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where, in the last line, we have used#BH = f BH #T and write the total energy density in terms of the e$ective
temperature. Note that both before and after BH domination, the capture rate decreases relative to Hubble as the
universe expands, so if the initial conditions do not allow for capture, no mergers will ever take place.

Conversely, when#C # H , a typical BH will undergo many such encounters, potentially involving complex multi-
body dynamics. Here, we simply assume that this continues until#C $ H , at which point the process of binary
capture e$ectively ceases, leaving the overwhelming majority of BHs in gravitationally bound binary systems; we
refer to this as the time of Òcapture freeze-outÓ. Setting#C = H in Eq. (15), the e$ective temperature at capture
freeze-out can be written
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where we have adopted a reference value ofv = 10! 3, motivated by the gravitational acceleration associated with
density perturbations in the early universe (see Appendices A and B). Note that Eq. (16) simultaneously covers two
possible scenarios:

¥ Capture Freeze-Out in Radiation Domination: If capture freeze-out occurs during radiation domination,
#C /H ' a! 1, Te! (aCF ) = Ti /a CF , and f BH (aCF ) = f BH i aCF , where the scale factor at capture freeze-out can
be obtained from Eq. (15),
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1.BH formation 3. Mergers 4. Hawking Radiation2. Binary Capture

FIG. 1. The time sequence of early universe events considered in this paper. (1) BH Formation: Small-scale density
perturbations collapse after inßation to form a primordial BH population with little angular momentum, a! ! 0. Even though
the energy density associated with this population may have been small compared to the total at this time, the relative fraction
of the energy density in BHs increases until they evaporate. (2) Capture: If the binary capture rate is larger than the Hubble
rate, ! bc > H , the BHs will e " ciently form gravitational bound states. (3) Mergers: Once the capture rate freezes out,
! bc ! H , bound objects are no longer disrupted by multi-body dynamics and can begin to inspiral, leading to the production of
a stochastic background of high-frequency gravitational waves. The energy density in these gravitational waves can contribute
signiÞcantly to # Ne! . (4) Evaporation: If the BHs merge before evaporating, the population acquires signiÞcant angular
momentum, a! ! 0.7, which increases the proportion of Hawking radiation in gravitons. When the BH population evaporates,
it produces Standard Model particles which thermalize to create the initial conditions for the hot radiation dominated early
universe. The gravitons produced as part of this radiation do not thermalize, but instead contribute to # Ne! .

If the early universe had ever been dominated by Schwarzschild BHs, each type of new light, decoupled particle
species is robustly predicted to contribute to! Ne! at the following level [29]:

! Ne! !
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0.05" 0.1 Real Scalar
0.1 " 0.3 Dirac Fermion
0.02" 0.04 Massless Vector
0.07" 0.14 Massive Vector
0.003" 0.006 Graviton

(Schwarzschild BH Domination) , (2)

where the larger value for each species corresponds to BH masses# 109 g, which evaporate just before BBN and the
smaller value corresponds to BH masses< 105 g, whose Hawking evaporation reheats the universe toT $ 200 GeV,
su" cient to produce all known particle species. Intriguingly, with the exception of the graviton, every contribution
in Eq. (2) is within the projected sensitivity of stage IV CMB experiments, ! Ne! # 0.02 [33]. A major result of our
paper is the generalization of this result to the case of rotating BHs, as summarized in Fig. 5.

It has long been known that Hawking radiation rates are sensitive to the angular momentum of the BH [34], and
in this paper we revisit graviton and gravitational wave signatures that arise from an early universe population of
evaporating Kerr BHs [35]. Although the simplest scenarios for primordial BH generation yield an initial population
of Schwarzschild BHs, we identify regions of parameter space in which the BHs undergo one or more mergers in the
early universe, resulting in a secondary BH population with substantial spin. This possibility leads to at least three
potentially observable signals:

1. Gravitational Waves, ! GW
BH mergers in the early universe could produce a signiÞcant energy density of gravitational waves, although
with a spectrum that peaks well above the range probed by detectors such as LIGO, VIRGO, BBO, ET or LISA.
If these mergers occur only shortly before the BHs evaporate, future space-based gravitational wave detectors
could potentially probe this signal.

2. Dark Radiation from Mergers, " Ne! ,GW
The gravitational waves generated by these BH mergers could also contribute signiÞcantly to the energy density
in radiation ( i.e. to Ne! ). If these mergers occur only shortly before the BHs evaporate, we Þnd that! Ne! can

Inspiral timescale (circular orbit)

7

¥ Capture Freeze-Out in Black Hole Domination: If capture freeze-out occurs during BH domination,
! C /H ! a! 3/ 2 and f BH (aCF ) = 1, so we can write Te! = (30 ! BH / " 2g! )1/ 4, where ! BH is evaluated at capture
freeze-out.

In addition to the binary capture mechanism described above, it is possible that binaries could be formed as a
result of the tidal e" ects of the Þeld of surrounding BHs (or cosmological density perturbations) [53Ð57]. In such a
scenario, BHs start out in a quasi-stationary state, but become bound into pairs and decouple from the Hubble ßow
when the mutual gravitational binding energy of the pair exceeds the corresponding kinetic energy associated with
the ßow. If this occurs during an epoch of radiation domination, then binary formation occurs when the BHsÕ local
contribution to the energy density exceeds the background radiation density. In addition, weak tidal torques from
the nearby Þeld of surrounding BHs can lead to the acquisition of angular momentum by the close pair and prevent a
direct collision. Although this mechanism naively leads to the formation of binaries with highly eccentric (1" e # 1)
orbits, subsequent interactions with later infalling BHs can signiÞcantly reduce the eccentricity, semi-circularizing the
binary orbit, or even leading to the disruption of the binary [56].

C. Binary Separation Distance

Once the capture rate freezes out, the binaries begin the process of inspiral. The timescale for this process depends
on the initial separation distance between the BHs in a bound pair,L CF , which is bounded from above as follows:

L CF < n ! 1/ 3
CF =

!
M

! BH (aCF )

" 1/ 3

, (18)

where nCF is the number density of BHs at the time of capture freeze-out. One can expect the typical value ofL CF
to be smaller than this upper limit, however. And realistically, there will be a distribution in the binary orbital
parameters of eccentricity and semi-major axis. During the period with ! C $ H , a typical BH will experience
multiple strong gravitational encounters, which may alter the orbital parameters of a binary in various ways, leaving
it more or less tightly bound, or even disrupted. For example, for binaries with more gravitational binding energy
than the average BHÕs kinetic energy, 3-body encounters will statistically tend to increase the binding energy of the
binary [58], thereby shortening this distance by a potentially important amount.

Since modeling these complicated dynamics is beyond the scope of this work, we will proceed by describing these
orbits in terms of a characteristic initial separation for the case of a circular orbit. We parameterize our ignorance by
introducing the parameter #, such that the typical BH binary separation distance at the time of capture freeze-out is
given as follows:

L CF = #n! 1/ 3
CF . (19)

A single radiative capture event between two isolated BHs typically results in a highly eccentric (e % 1) orbit [59].
For equal semi-major axes, BHs in eccentric orbits inspiral much more quickly than those in circular (e = 0) orbits (see
below, in Eq. 20), by a factor of approximately 3.6 (1 " e2)7/ 2 [60]. Note, however, that by choosing# appropriately,
one can mimic any value of the eccentricity. For example,e % 0.9 (% 0.99) can be absorbed by decreasing# by a
factor of % 3 (% 20). The parameter # also allows us to account for any e" ects associated with the binary formation
through tidal forces, as discussed above. Also note that one expects highly eccentric orbits to be more prone to be
disrupted and circularized by gravitational encounters and tidal forces, as demonstrated by the 70-body simulations
described in Ref. [56]. In the calculations that follow, we will adopt a benchmark value of# = 0 .1, but keep in mind
that this parameter will depend on the duration and other details of the period in which ! C >% H .

D. Inspiral Timescale

Once a binary system has formed, the BHs will gradually inspiral toward one another. Assuming that gravitational
wave emission dominates this process, the inspiral timetI can be written as [60]:

t I =
5M 6
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512M 3
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& 1.4 ' 10! 21 s
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f BH (aCF )4/ 3, (20)

where in the last step we have rewrittennBH (aCF ) as follows:

nBH (aCF ) =
! BH (aCF )

M
=

" 2g! T4
e! (aCF )f BH (aCF )

30M
, (21)
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Demand inspiral before evaporation
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and then used Eq. (16) to relate this to M , v and f BH (aCF ).
In order for a merger to take place, the inspiral time must be shorter than the Hawking evaporation lifetime (tI <! ! ).

The ratio of these timescales is given by:
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where, again, f BH (aCF ) is the BH fraction at capture freeze-out. Demanding that the merger take place before
evaporation implies the following condition on the population mass:

M >! 0.2 g
#

235
"#! 1#

$ 1/ 2#
"

0.1

$ 2#
10! 3

v

$ 44/ 21

f BH (aCF )2/ 3. (23)

This condition simultaneously accounts for capture freeze-out during either radiation or BH domination. For BHs
that satisfy the above conditions, binary formation and merger are expected to occur prior to evaporation, leading to
the production of gravitational waves as discussed in the following section.

IV. THE CONTRIBUTION TO Ne! FROM GRAVITATIONAL WAVES

When BHs merge, they emit an energy equal to a fraction$ ! O(10%) of their mass into gravitational waves. From
that point onward, the evolution of the energy densities in BHs, radiation and gravitational waves evolve as follows:

ú%BH = $ 3%BH H + %BH

úM
M

, ú%R = $ 4%R H $ %BH

úM
M

, ú%GW = $ 4%GW H, (24)

where the Hubble rate is determined using%T = %BH + %R + %GW . The energy density in gravitational waves evolves
as radiation, and contributes to the measured value of the e! ective number of neutrino species,Ne! .

The contribution of these gravitational waves to Ne! is related to their fraction of the total energy density at the
time of matter-radiation equality, tEQ . After accounting for SM entropy dumps, this is related as follows to the
fraction of the energy density immediately after BH evaporation (see Ref. [29] for a derivation):

%GW (tEQ )
%R (tEQ )

=
%GW (! )
%R (! )

#
g" (Tevap )
g" (TEQ )

$ #
g" S(TEQ )
g" S(Tevap )

$ 4/ 3

, (25)

where TEQ % 0.75 eV andTevap is the temperature of the SM bath immediately after BH evaporation has ended.
If the universe is radiation dominated at t = ! , then Tevap = Ti /a (! ) = Ti (t i / ! )1/ 2. If, on the other hand, BHs

dominate the energy density of the universe att = ! , then their Hawking evaporation is responsible for reheating the
universe and setting%R (! ) in Eq. (25). Assuming nearly instantaneous BH evaporation neart ! ! , we can estimate
Tevap according to

%BH (! ) &
&2

30
g! (Tevap )T4

evap (Assuming BH Domination) . (26)

Furthermore, if the BH binaries merge during BH domination, we can rewrite Eq. (25) as
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, (28)

where we Þrst blueshifted%GW (! ) from ! ' t I and then used%BH ( H 2 = (2 / 3t)2 to rewrite %GW (tI )/ %R (! ). Finally,
using Eq. (20) to evaluate the ratio t I / ! , the contribution to Ne! from gravitational waves can be related to the ratio
of energy densities in Eq. (27) as follows:
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where N" % 3.046 is the SM contribution to Ne! . Assuming Tevap ) mt & 175 GeV, Hawking radiation will produce
the full SM particle spectrum as radiation upon evaporation, so Eq. (29) becomes
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and then used Eq. (16) to relate this to M , v and f BH (aCF ).
In order for a merger to take place, the inspiral time must be shorter than the Hawking evaporation lifetime (tI <! ! ).

The ratio of these timescales is given by:

t I

!
=

!
5M 6

P

512M 3

" 4

n4/ 3
CF

" #
3M 4

P

"#! 1#M 3

$
!

#
"

0.1

$ 4#
10! 3

v

$ 88/ 21#
0.2 g
M

$ 2#
235

"#! 1#

$
f BH (aCF )4/ 3, (22)

where, again, f BH (aCF ) is the BH fraction at capture freeze-out. Demanding that the merger take place before
evaporation implies the following condition on the population mass:

M >! 0.2 g
#

235
"#! 1#

$ 1/ 2#
"

0.1

$ 2#
10! 3

v

$ 44/ 21

f BH (aCF )2/ 3. (23)

This condition simultaneously accounts for capture freeze-out during either radiation or BH domination. For BHs
that satisfy the above conditions, binary formation and merger are expected to occur prior to evaporation, leading to
the production of gravitational waves as discussed in the following section.

IV. THE CONTRIBUTION TO Ne! FROM GRAVITATIONAL WAVES

When BHs merge, they emit an energy equal to a fraction$ ! O(10%) of their mass into gravitational waves. From
that point onward, the evolution of the energy densities in BHs, radiation and gravitational waves evolve as follows:

ú%BH = $ 3%BH H + %BH

úM
M

, ú%R = $ 4%R H $ %BH

úM
M

, ú%GW = $ 4%GW H, (24)

where the Hubble rate is determined using%T = %BH + %R + %GW . The energy density in gravitational waves evolves
as radiation, and contributes to the measured value of the e! ective number of neutrino species,Ne! .

The contribution of these gravitational waves to Ne! is related to their fraction of the total energy density at the
time of matter-radiation equality, tEQ . After accounting for SM entropy dumps, this is related as follows to the
fraction of the energy density immediately after BH evaporation (see Ref. [29] for a derivation):

%GW (tEQ )
%R (tEQ )

=
%GW (! )
%R (! )

#
g" (Tevap )
g" (TEQ )

$ #
g" S(TEQ )
g" S(Tevap )

$ 4/ 3

, (25)

where TEQ % 0.75 eV andTevap is the temperature of the SM bath immediately after BH evaporation has ended.
If the universe is radiation dominated at t = ! , then Tevap = Ti /a (! ) = Ti (t i / ! )1/ 2. If, on the other hand, BHs

dominate the energy density of the universe att = ! , then their Hawking evaporation is responsible for reheating the
universe and setting%R (! ) in Eq. (25). Assuming nearly instantaneous BH evaporation neart ! ! , we can estimate
Tevap according to

%BH (! ) &
&2

30
g! (Tevap )T4

evap (Assuming BH Domination) . (26)

Furthermore, if the BH binaries merge during BH domination, we can rewrite Eq. (25) as

%GW (tEQ )
%R (tEQ )

=
%GW (! )
%BH (! )

#
g" (Tevap )
g" (TEQ )

$ #
g" S(TEQ )
g" S(Tevap )

$ 4/ 3

(27)

= $
#

tI

!

$ 2/ 3 #
g" (Tevap )
g" (TEQ )

$ #
g" S(TEQ )
g" S(Tevap )

$ 4/ 3

, (28)

where we Þrst blueshifted%GW (! ) from ! ' t I and then used%BH ( H 2 = (2 / 3t)2 to rewrite %GW (tI )/ %R (! ). Finally,
using Eq. (20) to evaluate the ratio t I / ! , the contribution to Ne! from gravitational waves can be related to the ratio
of energy densities in Eq. (27) as follows:

" Ne! ,GW =
%GW (tEQ )
%R (tEQ )

%
8
7

#
11
4

$ 4/ 3

+ N"

&
= $

#
tI

!

$ 2/ 3#
g" (Tevap )
g" (TEQ )

$ #
g" S(TEQ )
g" S(Tevap )

$ 4/ 3 %
8
7

#
11
4

$ 4/ 3

+ N"

&
, (29)

where N" % 3.046 is the SM contribution to Ne! . Assuming Tevap ) mt & 175 GeV, Hawking radiation will produce
the full SM particle spectrum as radiation upon evaporation, so Eq. (29) becomes

" Ne! ,GW & 0.3 *
#

$
0.1

$ #
195

"#! 1#

$ 2/ 3# "
0.1

$ 8/ 3#
10! 3

v

$ 176/ 63#
0.2 g
M

$ 4/ 3

f BH (aCF )8/ 9, (30)
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FIG. 3. Regions of parameter space in which the gravitational waves from BH mergers in the early universe constitute an
energy density equivalent to ! Ne! = 0 .01! 0.3 (red bands; see Eq. 30), assuming the universe is BH dominated at the time of
capture freeze-out. This range of ! Ne! is both consistent with current constraints and within the projected reach of upcoming
CMB observations [33]. We show these results in terms of the initial BH mass, M i , and the e" ective temperature, Te! , or
Hubble rate, H , as evaluated at the time of capture freeze-out. Left: ! Ne! = 0 .01! 0.3 bands for v = 10 ! 3 and three choices
of ! , which parametrizes our ignorance of the BH orbital parameters at the time of capture freeze-out. To the left of the black
diagonal line, e# cient binary capture never occurs. Right: As in the left panel, but for ! = 0 .01 and two values of the BH
velocity, v. The grey shaded portions of these Þgures represent unphysical regions of parameter space, in which many of the
BHs are expected to overlap (2r Sch > n ! 1/ 3

BH ).

where, as before,f BH (aCF ) is the BH fraction at capture freeze-out and this expression captures the! Ne! contribution
regardless of whether capture freeze-out occurs before or after BH domination.

One should keep in mind that these expressions are valid only in the case thatt I < ! (otherwise no mergers, and thus
no gravitational waves, will be produced). Therefore the maximum contribution is given by! Ne! ,GW ! 0.3" (" / 0.1),
close to the current upper limit on this quantity [61]. We remind the reader that we have treated the BH evaporation
as instantaneous in our calculation. More realistically, the evaporation will take place somewhat gradually, and will
be delayed by the merger (which increases the BH mass and thus the evaporation time).

Although the results presented in this section are consistent with existing constraints from measurements of the
CMB [61], the predicted contribution is potentially within the projected reach of stage IV CMB experiments, ! Ne! #
0.02 [33, 62, 63]. In particular, this calculation demonstrates that, in order for these gravitational waves to produce
a potentially measurable contribution to Ne! , the BHs must merge not long before they evaporate (i.e. t I must
be comparable to, but not greater than, ! ). This is because the energy density of gravitational waves evolves as
#GW $ a! 4 during this time, while #BH $ a! 3, causing the fraction of the total energy density in gravitational waves
to decrease. Once the BHs evaporate and the universe is dominated by radiation, however, the fraction of the energy
density in gravitational waves remains constant (up to entropy dumps associated with the changing value ofg! (T)).

These results are particularly interesting in light of the 4.4$ discrepancy between the value of the Hubble constant as
determined from local measurements [36Ð38] and as inferred from the temperature anisotropies of the CMB [61]. This
tension can be substantially relaxed if! Ne! # 0.1 %0.3 [64Ð71]. From this perspective, a population of primordial
BHs that merge shortly before evaporating can provide an attractive way of addressing the Hubble tension.

V. THE CONTRIBUTION TO Ne! FROM HOT GRAVITONS

In this section, we calculate the energy density in the gravitons that are emitted as Hawking radiation from a
population of rotating BHs. In particular, we will consider a population of BHs with a distribution of spins as
described in Ref. [41], which is appropriate for any scenario in which most of the BHs have undergone at least one
merger. As discussed in Sec. II, such a population will emit approximatelyf G ! 0.47% of their energy in the form of
gravitons, a fraction that is signiÞcantly larger than is predicted in the case of non-rotating BHs.

Observable window

Assumes PBH give ~ 10% of energy to GW
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FIG. 4. Regions of parameter space in which the gravitational waves from BH mergers in the early universe constitute an energy
density equivalent to ! Ne! = 0 .01 ! 0.3 (red bands; see Eq. 30), for initial conditions corresponding to a radiation-dominated
state with temperature, Ti , and with a fraction, f BH i , of the total energy density in black holes. This range of ! Ne! is both
consistent with current constraints and within the projected reach of upcoming CMB observations [33]. To the left of the
left-most black diagonal line, e" cient binary capture never occurs. The right-most black diagonal line denotes the parameter
space where BH domination occurs at the same time of capture freeze out (TCF = TD ). In each frame we had adopted v = 10 ! 3

and ! = 1. The grey shaded portions of these Þgures represent unphysical regions of parameter space, in which many of the
BHs are expected to overlap (2r Sch > n ! 1/ 3

BH ).

As in the previous section, the contribution from gravitons to ! Ne! can be related to the energy density in gravitons
at the time of equality [29]:

! Ne! ,G =
! G (TEQ )
! R (TEQ )

!
N! +

8
7

"
11
4

# 4/ 3$
= f G

"
g" S(TEQ )
g" S(Tevap )

# 1/ 3"
g" S (TEQ )
g" (TEQ )

#!
N! +

8
7

"
11
4

# 4/ 3$
. (31)

Assuming Tevap ! mt , so that the full SM radiation bath is populated after evaporation, the energy density in
Hawking radiated gravitons is

! Ne! ,G " 0.013
"

f G

0.0047

#"
106

g" (Tevap )

# 1/ 3

. (32)

Note that for BH masses belowM <# 106 $ 107 g, the temperature after evaporation is quite high andg" (Tevap ) % 102,
resulting in a contribution of ! Ne! ,G # 0.01, just below the reach of future CMB measurements. ForM # 108 $ 109

g, however, the BHs will reheat the universe only to a temperature ofTRH # 10 MeV, corresponding tog" (TRH ) % 10.
In this case, we predict! Ne! ,G # 0.03, within the projected sensitivity of stage IV CMB experiments [33, 62, 63].

In contrast with other cosmic backgrounds (e.g. the CMB, or the cosmic neutrino background), this background
of gravitons consists of relatively high-energy particles. In particular, after numerically integrating the deposition of
Hawking radiation over the lifetime of the BHs and redshifting their energy to the present era, we Þnd that the mean
energy of these gravitons today is given by:

&EG ' # 1.5 keV
"

M
108 g

# 1/ 2"
&"! 1'
195

# 1/ 2"
14

g" (TRH )

# 1/ 12

. (33)

Given that this is a factor of # 2 ( 106 ( (M/ 108 g)1/ 2 times higher than the mean energy of a CMB photon, we
refer to these particles as the Òhot graviton backgroundÓ. It would be fascinating to consider the possibilities for the
detection of this signal.

Thus far, we have limited our discussion to Hawking evaporation into SM particles and gravitons. If there exist any
other light and decoupled species, these too would be produced and contribute to the energy density of dark radiation.
In Fig. 5, we show this contribution to ! Ne! for various hypothetical light and decoupled particle species, assuming
the that early universe had a BH dominated era. We show results for the case of non-rotating BHs (left) [29], as well
as for Kerr BHs (center and right).

Same as before, just in terms of initial params before PBH domination

Observable window
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FIG. 6. The spectrum of gravitational waves from BH mergers in the early universe, compared to the projected sensitivities
of LIGO [75], LISA [76], the Einstein Telescope (ET) [77, 78], and the Big Bang Observer (BBO) [79, 80]. These curves
assume BH domination at the time of the mergers and that the mergers take place immediately prior to the BHsÕ evaporation.
If the mergers take place well before evaporation, these curves should be appropriately redshifted (to lower frequencies) and
suppressed by a factor of (t I / ! )2/ 3 .

VII. SUMMARY AND CONCLUSIONS

If even a relatively small abundance of black holes was present in the early universe after inßation, the energy density
of this population will be diluted more slowly than that of radiation. From this perspective, it is well-motivated to
consider scenarios in which the early universe contained an era that was dominated by black holes. In order to ensure
consistency with the measured light element abundances, such black holes must be light enough to evaporate prior
to BBN. In previous work, it was pointed out that such black holes could potentially generate dark matter and dark
radiation through the process of Hawking radiation. Dark radiation is not only a phenomenologically interesting but
also an unavoidable consequence of our scenario. Even without the existence of feebly-interacting light degrees-of-
freedom beyond the Standard Model, there is aminimal contribution to ! Ne! from the direct emission of gravitons.
In this study we have expanded on past work to show how this contribution may be signiÞcantly enhanced in a very
natural way.

In this paper, we have considered scenarios in which a large fraction of the black holes in the early universe became
gravitationally bound into binary systems, and then merged prior to their evaporation. These mergers can produce
a signiÞcant stochastic background of high-frequency gravitational waves, potentially within the reach of proposed
space-based detectors. If these mergers take place only shortly before the black holes evaporate, the energy density
of these gravitational waves could be as high as! Ne! ! 0.3, potentially within the reach of next-generation CMB
experiments.

Such mergers also leave the resulting black holes with signiÞcant angular momentum. As spinning black holes
preferentially evaporate into high-spin particles, this class of scenarios can lead to the production of a signiÞcant
background of hot (! eV-keV) gravitons in the universe today, with an energy density corresponding to! Ne! !
0.01" 0.03. Other scenarios involving primordial black holes with near extremal angular momentum could produce
an even larger energy density of energetic gravitons, up to! Ne! ! 0.3 (see Fig. 5).

Note added: While this work was being completed, we became aware of Ref. [85] which addresses a related subject.
Our paper has some overlap with their discussion of the stochastic gravitational wave background from early universe
black hole mergers and our results are consistent with theirs. There is no overlap with our discussion here of dark
radiation signals or Kerr black hole evaporation.

Irreducible GW prediction, but you have to be lucky

Spectra assume merger just before evaporation
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space-based detectors. If these mergers take place only shortly before the black holes evaporate, the energy density
of these gravitational waves could be as high as! Ne! ! 0.3, potentially within the reach of next-generation CMB
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preferentially evaporate into high-spin particles, this class of scenarios can lead to the production of a signiÞcant
background of hot (! eV-keV) gravitons in the universe today, with an energy density corresponding to! Ne! !
0.01" 0.03. Other scenarios involving primordial black holes with near extremal angular momentum could produce
an even larger energy density of energetic gravitons, up to! Ne! ! 0.3 (see Fig. 5).
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Our paper has some overlap with their discussion of the stochastic gravitational wave background from early universe
black hole mergers and our results are consistent with theirs. There is no overlap with our discussion here of dark
radiation signals or Kerr black hole evaporation.

Éotherwise suppression ~

2

1.BH formation 3. Mergers 4. Hawking Radiation2. Binary Capture

FIG. 1. The time sequence of early universe events considered in this paper. (1) BH Formation: Small-scale density
perturbations collapse after inßation to form a primordial BH population with little angular momentum, a! ! 0. Even though
the energy density associated with this population may have been small compared to the total at this time, the relative fraction
of the energy density in BHs increases until they evaporate. (2) Capture: If the binary capture rate is larger than the Hubble
rate, ! bc > H , the BHs will e " ciently form gravitational bound states. (3) Mergers: Once the capture rate freezes out,
! bc ! H , bound objects are no longer disrupted by multi-body dynamics and can begin to inspiral, leading to the production of
a stochastic background of high-frequency gravitational waves. The energy density in these gravitational waves can contribute
signiÞcantly to # Ne! . (4) Evaporation: If the BHs merge before evaporating, the population acquires signiÞcant angular
momentum, a! ! 0.7, which increases the proportion of Hawking radiation in gravitons. When the BH population evaporates,
it produces Standard Model particles which thermalize to create the initial conditions for the hot radiation dominated early
universe. The gravitons produced as part of this radiation do not thermalize, but instead contribute to # Ne! .

If the early universe had ever been dominated by Schwarzschild BHs, each type of new light, decoupled particle
species is robustly predicted to contribute to! Ne! at the following level [29]:

! Ne! !

!
"""""#

"""""$

0.05" 0.1 Real Scalar
0.1 " 0.3 Dirac Fermion
0.02" 0.04 Massless Vector
0.07" 0.14 Massive Vector
0.003" 0.006 Graviton

(Schwarzschild BH Domination) , (2)

where the larger value for each species corresponds to BH masses# 109 g, which evaporate just before BBN and the
smaller value corresponds to BH masses< 105 g, whose Hawking evaporation reheats the universe toT $ 200 GeV,
su" cient to produce all known particle species. Intriguingly, with the exception of the graviton, every contribution
in Eq. (2) is within the projected sensitivity of stage IV CMB experiments, ! Ne! # 0.02 [33]. A major result of our
paper is the generalization of this result to the case of rotating BHs, as summarized in Fig. 5.

It has long been known that Hawking radiation rates are sensitive to the angular momentum of the BH [34], and
in this paper we revisit graviton and gravitational wave signatures that arise from an early universe population of
evaporating Kerr BHs [35]. Although the simplest scenarios for primordial BH generation yield an initial population
of Schwarzschild BHs, we identify regions of parameter space in which the BHs undergo one or more mergers in the
early universe, resulting in a secondary BH population with substantial spin. This possibility leads to at least three
potentially observable signals:

1. Gravitational Waves, ! GW
BH mergers in the early universe could produce a signiÞcant energy density of gravitational waves, although
with a spectrum that peaks well above the range probed by detectors such as LIGO, VIRGO, BBO, ET or LISA.
If these mergers occur only shortly before the BHs evaporate, future space-based gravitational wave detectors
could potentially probe this signal.

2. Dark Radiation from Mergers, " Ne! ,GW
The gravitational waves generated by these BH mergers could also contribute signiÞcantly to the energy density
in radiation ( i.e. to Ne! ). If these mergers occur only shortly before the BHs evaporate, we Þnd that! Ne! can



Assumptions

Mergers Also Induce PBH Spin

2 FISHBACH, HOLZ, & FARR

sulting from hierarchical mergers, we utilize previous stud-
ies of the evolution of BH spins through binary coalescence.
Due to advancements in numerical relativity (NR) and post-
Newtonian (PN) methods, a number of groups have devel-
oped reliable formulae for the Þnal spin following a merger
of two spinning BHs (Buonanno et al. 2008; Kesden 2008;
Tichy & Marronetti 2008; Healy et al. 2014; Hofmann et al.
2016; JimŽnez-Forteza et al. 2017). Intuitively, there are two
contributions to the spin following a coalescence: the indi-
vidual spins of the two progenitor BHs and the binary sys-
temÕs orbital angular momentum. As the BBHs inspiral to-
ward each other, they lose energy and orbital angular mo-
mentum through the emission of GWs. When the Bus Þnally
merge, as shown by Buonanno et al. (2008), the remaining or-
bital angular momentum that contributes to the Þnal BH spin
can be approximated by the orbital angular momentum of a
test particle at the innermost stable circular orbit of the Þnal
BH (where the mass of the test particle is taken to be the re-
duced mass of the BBHs). The contribution from the orbital
angular momentum will be most signiÞcant for equal mass
BBHs and will dominate over the contribution from the spin
angular momentum. For example, as is well understood from
NR simulations, a merger of nonspinning BBHs of equal mass
will result in a Þnal BH with a dimensionless spin magnitude
of 0.6864 (Hofmann et al. 2016). In order for the spins of
the BBHs to cancel the orbital angular momentum, resulting
in a nonspinning BH, the spins must be sufÞciently large and
antialigned to the orbital angular momentum, and the mass
ratioq ! m2/ m1 " 1 must be sufÞciently small. In fact, using
the results of Buonanno et al. (2008), the antialigned contri-
butions to the spins,a!

1, a!
2, and the mass ratio,q, must satisfy

1
q

a!
1 +qa!

2 +2
#

3 = 0 (2)

in order to end up with a nonspinning BH. Thus, even for
maximally antialigned spins, the mass ratio must satisfyq <#

3 !
#

2 $ 0.32 in order to overwhelm the orbital angular
momentum. As we shall see, this explains why major merg-
ers (in whichq %1) result in BHs with a relatively high spin
distribution, peaked ata = 0.69, and with little support below
a $ 0.5.

In this work, we consider major mergers (q ! 0.7) as the ba-
sis of the hierarchical merger scenario. If the BHs of each gen-
eration interact with each other dynamically, they are more
likely to form binaries with BHs of similar mass (Sigurdsson
& Hernquist 1993; Rodriguez et al. 2016b) and we would ex-
pect mergers of near-equal mass BHs (Rodriguez et al. 2016a;
OÕLeary et al. 2016). We would similarly expect near-unity
mass ratios for BBHs of primordial origin, as PBH formation
scenarios generally allow a narrow mass range for the Þrst
generation (Kovetz et al. 2016), and we assume that because
of dynamical considerations, such BHs only merge with part-
ners of the same generation.

The assumption of major mergers differs from the semi-
nal work of Hughes & Blandford (2003), which considered
the spin evolution of supermassive BHs as they grow through
minor mergers. In contrast to major mergers, minor mergers
tend to decrease the spin of the Þnal BH, because the binaryÕs
orbital angular momentum is smallest when it augments the
total BBH spins (a prograde orbit) and largest when it coun-
teracts it (a retrograde orbit).

We also assume that, in the absence of any aligning mech-
anism, the spins of each generation of BHs in the hierarchi-

Figure 1. Probability distribution for the dimensionless spin magnitude for
each generation of BHs formed through hierarchical mergers. Unless labeled
otherwise, the Þrst generation is nonspinning (a = 0) and all mergers take
place between equal mass BHs (q = 1). For each generation, the spin direc-
tions are assumed to be isotropically distributed. Note the rapid convergence
to a universal distribution (turquoise solid line). The dotted orange line shows
the second-generation distribution for the case where the Þrst generation has
near-maximal (a = 0.99) spins. The initially nonspinning (a = 0) and initially
near-maximally spinning (a = 0.99) cases are indistinguishable by the fourth
generation, converging on the universal distribution.

cal merger scenario are isotropically distributed on the sphere.
The effects of BBH spins that are preferentially aligned or an-
tialigned with the orbital angular momentum are discussed in
Section 3. However, it is important to note that spins that are
initially partially aligned (antialigned) with the orbital angu-
lar momentum can become signiÞcantly antialigned (aligned)
during the inspiral due to precession (Kesden et al. 2010).
This will not affect an isotropic distribution of spins, as a dis-
tribution of spins that is isotropic at large distances will re-
main isotropic during the inspiral up to the point of plunge
(Kesden et al. 2010). Furthermore, the magnitudes of the
BBH spins remain nearly constant during the inspiral (up to
2PN order), which further lends conÞdence to our calculation
of the hierarchical merger spin distribution.

2. METHODS

2.1. Hierarchical Merger Spin Distribution

We apply the formulas of Hofmann et al. (2016) to predict
the Þnal BH spin from a merger of two BHs, given the spin
vectors and masses of the component BHs. This allows us
to build a statistical distribution of spin magnitudes resulting
from hierarchical mergers, similar to the distributions found
by Tichy & Marronetti (2008) and Lousto et al. (2010).

Although we assume major mergers and isotropically dis-
tributed spin orientations, we wish to remain general with re-
spect to other aspects of the hierarchical merger scenario. In
particular, we do not at the outset specify the spin distribu-
tion of the Þrst generation of BHs (before any mergers have
occurred) or the exact distribution of mass ratios of merging
BHs (although we limit ourselves toq & 0.7). Furthermore,
the desired spin distribution presumably evolves as each gen-
erationÕs BHs merge to form the next generation, but we do
not wish to restrict ourselves to a particular generation of the
hierarchical merger scenario. Fortunately, as we show below,
the resulting spin distribution is relatively insensitive to the
spin magnitudes of the Þrst generation, the mass ratios (within
the range 0.7" q" 1), or which generation we consider (start-
ing with the second generation). We demonstrate this explic-
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ABSTRACT
One proposed formation channel for stellar mass black holes (BHs) is through hierarchical mergers of smaller
BHs. Repeated mergers between comparable mass BHs leave an imprint on the spin of the resulting BH, since
the Þnal BH spin is largely determined by the orbital angular momentum of the binary. We Þnd that for stellar
mass BHs forming hierarchically the distribution of spin magnitudes is universal, with a peak ata ! 0.7 and
little support belowa ! 0.5. We show that the spin distribution is robust against changes to the mass ratio
of the merging binaries, the initial spin distribution of the Þrst generation of BHs, and the number of merger
generations. While we assume an isotropic distribution of initial spin directions, spins that are preferentially
aligned or antialigned do not qualitatively change our results. We also consider a Òcluster catastropheÓ model
for BH formation in which we allow for mergers of arbitrary mass ratios and show that this scenario predicts
a unique spin distribution that is similar to the universal distribution derived for major majors. We explore the
ability of spin measurements from ground-based gravitational-wave (GW) detectors to constrain hierarchical
merger scenarios. We apply a hierarchical Bayesian mixture model to mock GW data and argue that the
fraction of BHs that formed through hierarchical mergers will be constrained withO(100) LIGO binary black
hole detections, while withO(10) detections we could falsify a model in which all component BHs form
hierarchically.

1. INTRODUCTION

LIGOÕs Þrst detections of gravitational waves (GWs) from
binary black hole (BBH) systems allow us to probe the forma-
tion histories of stellar mass binary black holes (BHs; Abbott
et al. 2016a). Various formation channels have been proposed
for the component black holes in these binaries (Belczyn-
ski et al. 2016; Rodriguez et al. 2016b; de Mink & Mandel
2016; Bird et al. 2016; Clesse & Garc’a-Bellido 2017; An-
tonini & Rasio 2016; Inayoshi et al. 2017), and these can be
broadly separated into two classes: isolated binary evolution
and dynamical binary formation channels that involve Þrst-
generation BHs (e.g., resulting from stellar collapse) and dy-
namical formation channels that involve BHs built up from
the mergers of earlier generations of BHs. In this work, we
consider the latter group: BH formation through hierarchical
mergers wherein a BH in a BH binary is produced by a merger
of two smaller BHs from a previous generation, and the previ-
ous generationÕs BHs may themselves be merger products of
an even earlier generation. Hierarchical mergers may occur
in high-density environments where some fraction of merger
products do not escape despite receiving recoil kicks (Merritt
et al. 2004) and may therefore undergo another merger. The
hierarchical merger scenario has been proposed in the con-
text of dynamical formation in nuclear star clusters (Antonini
& Rasio 2016), young stellar clusters (Mapelli 2016), AGN
disks (McKernan et al. 2017), as well as in the formation of
primordial BHs (Clesse & Garc’a-Bellido 2017).

In anticipation of future LIGO BBH detections, we de-
scribe a method to determine whether or not the observed BHs

formed hierarchically. In particular, the hierarchical forma-
tion channel can be probed by analyzing the distribution of
observed spin magnitudes of the component BHs.

Each BH in a binary has a massmi (i = 1,2) and spin

Si = ai
Gm2

i

c
öSi, (1)

whereai is the dimensionless spin magnitude andöSi is the unit
spin vector. Because the spins of the BHs in a binary system
inßuence the dynamics of the inspiral and merger, a GW de-
tection provides a measurement of the component spins (Ab-
bott et al. 2016b).

For an individual GW event, the spin measurements are of-
ten poorly constrained (Vitale et al. 2014; PŸrrer et al. 2016),
but we can combine individual spin posteriors to examine
the distribution of dimensionless spin magnitudes across all
events. In this Letter, we show that the hierarchical merger
scenario yields a unique distribution of BH spin magnitudes
a; therefore, by measuring the spins of observed systems, we
can constrain this formation process. Our approach is com-
plementary to that of Gerosa & Berti (2017), who study the
expected distributions of mass, redshift, and binary spin pa-
rameter! eff for populations of Þrst- and second-generation
BHs and show how to use all three measurements to constrain
the fraction of second-generation BHs in a detected popula-
tion. In contrast, we focus solely on GW measurements of
spin magnitudea and consider arbitrary generations of previ-
ous mergers.

To construct the distribution of BH spin magnitudes re-
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be as large as! 0.3, well within the projected reach of upcoming CMB experiments. Such a contribution could
also potentially help to relax the reported Hubble tension [36Ð38].

3. Dark Radiation from Hot Gravitons, ! Ne! ,G
As rapidly spinning BHs preferentially radiate particle species with high spin [34], this scenario can lead to
the production of a signiÞcant background of energetic (! eV-keV) gravitons, representing another potentially
observable and qualitatively distinct contribution to Ne! .

The remainder of this paper is structured as follows. In Sec. II, we discuss the process of Hawking evaporation,
considering both rotating and non-rotating BHs. We Þnd that BHs with appreciable angular momentum radiate a
much larger fraction of their mass into particles with high spin, especially gravitons. In Sec. III, we calculate the
timescales for BHs to form binary systems and to inspiral. We then compare this to the time required for Hawking
evaporation to occur. In Sec. IV, we calculate the energy density in the form of gravitational waves that is produced
in the mergers of these BHs. In scenarios in which the BHs merge only shortly before evaporating, these gravitational
waves can contribute to Ne! at a level that is within the reach of next-generation CMB experiments. In Sec. V, we
calculate the energy density of the energetic gravitons that are produced through Hawking evaporation in this class
of scenarios. Unlike in the case of non-rotating BHs, we Þnd that the gravitons from a population of rapidly spinning
BHs (such as those that have recently undergone mergers) can contribute appreciably toNe! . In Sec. VI, we calculate
the spectrum of gravitational waves from these BH mergers and comment on the prospects for the detection of this
signal. Finally, we summarize our results and conclusions in Sec. VII.

II. HAWKING EVAPORATION OF ROTATING BLACK HOLES

Back holes emit particles and lose mass through the process of Hawking evaporation [39]. This mass loss occurs at
a rate given by:

dM
dt

= " ! (M, a ! )
M 4

P

M 2 , (3)

whereM P = 1 .22# 1019 GeV is the Planck mass andM is the mass of the BH. The dimensionless quantity,! , receives
contributions from all of the particle degrees-of-freedom that are light enough to be radiated from the BH (i.e. lighter
than TBH = M 2

P / 8" M ). Since we will only consider black holes withTBH $ 1 TeV, ! will only depend on the angular
momentum of the BH, J , which is related to the dimensionless spin parameter as follows:a! % JM 2

P /M 2 [34].
As a rotating BH evaporates, it also loses angular momentum:

dJ
dt

= " h(M, a ! )J
M 4

P

M 3 , (4)

which can be rewritten in terms of a! as follows:

da!

dt
= " a!

M 4
P

M 3

!
h(M, a ! ) " 2! (M, a ! )

"
. (5)

Numerical values for h and ! are tabulated in Ref. [34] per spin degree-of-freedom (see also Ref. [40] for the scalar
case).1

Throughout this paper, we limit ourselves to the Standard Model (SM) particle content (in addition to gravitons).
In Fig. 2, we plot the quantities ! and h as a function ofa! , and show the contributions from scalars, fermions, vectors,
and gravitons. As a consequence of angular momentum conservation, the spin of a BH inßuences the rates at which
various particle species are produced through Hawking evaporation. In particular, more rapidly spinning BHs radiate
high-spin particles much more e! ciently, including vector bosons and gravitons.

Solving Eqns. 3 and 4 numerically, we Þnd that a BH with an initial mass, M i , will evaporate entirely2 in a
characteristic evaporation time:

# =
# M i

0

dMM 2

! (M, a ! )M 4
P

& ' ! ! 1(
M 3

i

3M 4
P

= 4 # 10! 4 s
$

M i

108 g

%3$
' ! ! 1(
235

%
, (6)

1 Note the di ! erent notation in both references, ! ! f and h ! g.
2 We assume stable Planckian-mass BH relics either do not exist or that their presence only negligibly a ! ects the conclusions here.
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FIG. 2. Values for the quantities ! and h as introduced in Eqns. (3) and (4), respectively, assuming the Standard Model particle
content plus gravitons. All degrees-of-freedom are always active as we only consider the caseM <! 1010 g (corresponding to
TBH >! 1 TeV). Also shown are the contributions to these quantities from all particles of various spins.

where ! ! ! 1" is deÞned as the mass-squared weighted value of! ! 1 from Eq. (3)

! ! ! 1" #

! M i

0

dMM 2

! (M, a ! )
! M i

0
M 2dM

. (7)

For a non-rotating BH in the mass range of interest here,! ! ! 1" $ 235, whereas for a BH with maximal initial spin
(a! = 1), this quantity is approximately 35% smaller.

In this study, we will consider primarily the case of BHs that are spinning as a consequence of having undergone
previous mergers. The distribution of angular momenta predicted for such a BH population peaks strongly ata! % 0.7,
almost entirely independently of the masses or the initial spin distribution of the merging binaries [41] (see also,
Refs. [42Ð47]). With this in mind, we will adopt ! ! ! 1" & 195 for BHs that have already undergone one or more
mergers, corresponding to an appropriate evaporation time of" = 3 .3 ' 10! 4 s (M i / 108 g)3.

Furthermore, after integrating over the evolution of BHs with a distribution of initial spins as described in Ref. [41],
we Þnd that approximately f G $ 0.47% of the energy emitted as Hawking radiation is in the form of gravitons (we
adopt this value in our calculation in Sec. V). This is between three and four times as large as that found in the case of
non-rotating BHs. Other formation scenarios may generate BH populations with even greater angular momenta. For
example, BHs formed by the collapse of density perturbations during a matter dominated era can naturally havea!
very close to extremal [48, 49]. For a distribution of spins peaked ata! % 0.9 (% 0.95), fractions as large asf G % 2%
(% 3%) would be appropriate. We leave a more detailed study of these scenarios to future work.

III. BLACK HOLE MERGERS IN THE EARLY UNIVERSE

We now turn our attention to cosmological scenarios that could plausibly result in the production of an appre-
ciable population of Kerr BHs in the early universe. Although it is well known that a modiÞed power spectrum
of cosmological ßuctuations on small scales can seed primordial BH formation [3, 10Ð27], this process is typically
modeled as the spherically symmetric collapse of the% O(1) perturbations of modes that re-enter the horizon after
inßation. Consequently, the BHs in the resulting ensemble acquire little angular momentum in the process, making
a population of Kerr BHs in the early universe appear implausible. However, with an appropriate distribution of BH
relative velocities and nearest neighbor separation distances, it is possible for the typical BH to undergo a merger
before evaporating, producing gravitational waves and increasing their angular momenta toa! % 0.7. In this section,
in order to identify the parameter space in which such mergers are likely, we set up the problem and highlight the
relevant timescales that govern the capture and merger rates as depicted in Fig. 1:

Higer spin BH prefer to emit gravitons as Hawking radiation!

Page PRD (1976)
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FIG. 5. Contributions to ! Ne! from early universe Hawking evaporation, for a variety of hypothetical light and decoupled
particle species, assuming Schwarzschild (left) and Kerr (center and right) BH domination at some point prior to BBN. Note
that these plots do not assume that the universe was initially dominated by BHs, but only that BH domination occured at
some point between inßation and BBN. The left panel is adapted from Ref. [29] and the Kerr contributions (center and right
panels) is one of the main results of this paper. In the center frame, we adopt a distribution of angular momenta that peaks
at a! ! 0.7, as predicted for BHs that have undergone a merger [41]. In the right frame, we show results for the case of a
population of BHs with very large initial spins, a! = 0 .99. In each case, the contribution from a single massive vector is the
sum of the contributions from a scalar and a massless vector.

VI. THE GRAVITATIONAL WAVE SPECTRUM

Gravitational waves are generated throughout the stages of inspiral, merger and ring-down, producing the following
respective contributions [72Ð74]:

dE
df

=
1
3

!
! 2G2"1/ 3 M 1M 2

(M 1 + M 2)1/ 3
!

#
$$$$$%

$$$$$&

f ! 1/ 3 f < f M

f 2/ 3/f M f M < f < f RD

f 2

f M f 4/ 3
RD

'
[1 + 59.2 [(f /f RD ) " 1]2

( 2 f > f RD

(34)

where f M # 8 ! 1036 Hz(g/M 1 + M 2) is the merger frequency andf RD # 4.5f M is the ring down frequency.
The spectrum is then redshifted from the time of the mergers to the present epoch, by a factor of 1 +z =
(Tevap /T CMB )(g! S (Tevap )/g ! S (TCMB ))1/ 3, where TCMB is the current temperature of the CMB.

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

! GW (f ) =
1
#c

d#GW

d ln f
, (35)

where #c = (3 H 2
0 M 2

P / 8! ) is the present day critical density.
For the gravitational wave spectra predicted in this class of scenarios, detectors optimized for their sensitivity to

high-frequency gravitational waves may be promising [81Ð84]. We leave further exploration of this topic to future
work.

Near extremal Ñ> hot relic graviton background
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1.BH formation 3. Mergers 4. Hawking Radiation2. Binary Capture

FIG. 1. The time sequence of early universe events considered in this paper. (1) BH Formation: Small-scale density
perturbations collapse after inßation to form a primordial BH population with little angular momentum, a! ! 0. Even though
the energy density associated with this population may have been small compared to the total at this time, the relative fraction
of the energy density in BHs increases until they evaporate. (2) Capture: If the binary capture rate is larger than the Hubble
rate, ! bc > H , the BHs will e " ciently form gravitational bound states. (3) Mergers: Once the capture rate freezes out,
! bc ! H , bound objects are no longer disrupted by multi-body dynamics and can begin to inspiral, leading to the production of
a stochastic background of high-frequency gravitational waves. The energy density in these gravitational waves can contribute
signiÞcantly to # Ne! . (4) Evaporation: If the BHs merge before evaporating, the population acquires signiÞcant angular
momentum, a! ! 0.7, which increases the proportion of Hawking radiation in gravitons. When the BH population evaporates,
it produces Standard Model particles which thermalize to create the initial conditions for the hot radiation dominated early
universe. The gravitons produced as part of this radiation do not thermalize, but instead contribute to # Ne! .

If the early universe had ever been dominated by Schwarzschild BHs, each type of new light, decoupled particle
species is robustly predicted to contribute to! Ne! at the following level [29]:

! Ne! !

!
"""""#

"""""$

0.05" 0.1 Real Scalar
0.1 " 0.3 Dirac Fermion
0.02" 0.04 Massless Vector
0.07" 0.14 Massive Vector
0.003" 0.006 Graviton

(Schwarzschild BH Domination) , (2)

where the larger value for each species corresponds to BH masses# 109 g, which evaporate just before BBN and the
smaller value corresponds to BH masses< 105 g, whose Hawking evaporation reheats the universe toT $ 200 GeV,
su" cient to produce all known particle species. Intriguingly, with the exception of the graviton, every contribution
in Eq. (2) is within the projected sensitivity of stage IV CMB experiments, ! Ne! # 0.02 [33]. A major result of our
paper is the generalization of this result to the case of rotating BHs, as summarized in Fig. 5.

It has long been known that Hawking radiation rates are sensitive to the angular momentum of the BH [34], and
in this paper we revisit graviton and gravitational wave signatures that arise from an early universe population of
evaporating Kerr BHs [35]. Although the simplest scenarios for primordial BH generation yield an initial population
of Schwarzschild BHs, we identify regions of parameter space in which the BHs undergo one or more mergers in the
early universe, resulting in a secondary BH population with substantial spin. This possibility leads to at least three
potentially observable signals:

1. Gravitational Waves, ! GW
BH mergers in the early universe could produce a signiÞcant energy density of gravitational waves, although
with a spectrum that peaks well above the range probed by detectors such as LIGO, VIRGO, BBO, ET or LISA.
If these mergers occur only shortly before the BHs evaporate, future space-based gravitational wave detectors
could potentially probe this signal.

2. Dark Radiation from Mergers, " Ne! ,GW
The gravitational waves generated by these BH mergers could also contribute signiÞcantly to the energy density
in radiation ( i.e. to Ne! ). If these mergers occur only shortly before the BHs evaporate, we Þnd that! Ne! can
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Dark Radiation from Kerr PBH Evaporation
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Concluding Remarks

1) We donÕt know what happened before BBN

2) Early BH population:  evaporation can seed initial conditions for BBN

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

ModiÞed structure formation (Erickeck 2015)?

Vary distribution of BH masses?

Other possibilities:

4) Mergers induce Kerr PBH population

Neff and Gravitational Waves (mergers) 
Neff from relic gravitons (evaporation)
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Assumptions
General Relativity
Isotropy

Inßation

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>

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

kinetic energy has grown to become comparable to the potential energy,12
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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
#
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R +
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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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Inßation* transfers potential energy to SM radiation

Inßation

Reheating
! inf ! ! rad " T4
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Inßation

Reheating

Inßation exponentially dilutes pre-existing densities

Need dynamical mechanism to generate asymmetry

Baryogenesis
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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
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Figure 1: Time and temperature evolution of all standard bigbang nucleosynthesis (SBBN)-

relevant nuclear abundances. The vertical arrow indicatesthe moment at T9 ! 0.85 at

which most of the helium nuclei are synthesized. The gray vertical bands indicate main

BBN stages. From left to right: neutrino decoupling, electron-positron annihilation and n/p

freeze-out, D bottleneck, and freeze-out of all nuclear reactions. Protons (H) and neutrons

(N) are given relative to nb whereasYp denotes the4He mass fraction.

Below we discuss the fusion of the light elements and comparetheir SBBN predictions with

observations.

1.1.1 O(0.1) abundances: 4He. The beauty of the SBBN prediction for 4He lies in

its simplicity. Only a few factors that determine it. The rat es for weak scattering processes

that inter-convert n " p at high plasma temperatures scale asG2
F T5, where GF is the

Fermi constant. As the Universe cools, these rates drop below the T2-proportional Hubble

rate H (T) Eq. (6). The neutron-to-proton transitions slow down, and the ratio of their

respective number densities cannot follow its chemical-equilibrium exponential dependence,

n/p |eq ! exp(# ! mnp/T ). Around T ! 0.7 MeV this dependence freezes out ton/p !

1/ 6 but continues to decrease slowly due to residual scattering and ! -decays of neutrons.

The formation of D during this intermission period is delayed by its photo-dissociation

process that occurs e" ciently because of the overwhelmingly large number of photons [see

Pospelov, Pradler 
1011.1054



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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