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Was the Early Universe Dominated by Black Holes?

= Inhomogeneities in the early universe can led to the formation of
primordial black holes

= Very roughly, we expect the mass of these black holes to be similar to
the energy enclosed within the horizon at or near the end of inflation:
Mg, 1010 GeV)

Myor ~ —2 ~ 10*
hor ™ 5 H, 0g( H;

= In this mass range, black holes evaporate very 10°
rapidly, disappearing well before BBN 10°

= If even a small fraction of the energy density o
after inflation was in the form of black holes, il

this fraction would grow as the universe expands <"

(black holes evolve as matter, pgy a a3, rather

than radiation, p,,q @ a*); -

= From this perspective, it is well-motivated to ot
consider scenarios in which the early universe
included an era in which the energy density was
dominated by black holes
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Was the Early Universe Dominated by Black Holes?

= Quantitatively, the density of black holes will ultimately exceed the
energy density in SM radiation (before the black holes evaporate) if the
following condition is met:

3 : 3/2
f- _ PBH.i > 4 % 10_12 1010 GeV 108g /
Y opra ™ T: M;

= Initial conditions (at the end of inflation) which include even a trace
abundance of primordial black holes will naturally lead to an era in which
the energy density is dominated by these objects



Hawking Evaporation

= According to Hawking, the surface of a black hole has a temperature
given by:
o Mg,
BH ™ 871'1\/13}1

~ 13 g
~ 1.05 x 10*° GeV (A/IBH>

= Black holes radiate all particle species lighter than Tgy, regardless of
their couplings, and thus provide an attractive way to generate dark
matter and dark radiation

= Hawking radiation leads to the following mass loss rate:

dMgu G g..n(Teu) Mp,
dt 307207 M2,

= Where G ~ 3.8 is the appropriate greybody factor, and g..z(Tsn) is the
sum of the degrees-of-freedom (weighted by the MacGibbon factors,
which in our convention are 1.82 for scalars, 1.0 for fermions, 0.41 for
vectors and 0.05 for spin-2 particles)

2
~ 24 _ —1 g
~ —7.6 x 10" gs™ " g+ u(T8H) (l\’IBH)



Hawking Evaporation in the Early Universe

= Hawking radiation leads to black hole evaporation on the following

timescale:
Mi dMgy M3y

3
T~ 1.3 X 10"2"’sg"3/ ~4.0x10*s ( M, ) ( 108 )
o 9+H(IBH) 10%g 9«.H(TBH)

= Following an era dominated by black
holes, the evaporation leaves behind
a hot bath, with a temperature that is
related to the initial mass of the black
holes

= To preserve the successful predictions
of BBN, we will limit our discussion to
black holes with an (initial) mass of
5x108 grams or less, which evaporate
before the onset of BBN
(< 0.05 sec, Tgy <10 MeV)
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Motivation: The Hubble Tension

= Local measurements of the Hubble Constant using Cepheids and type
1a supernovae yield H,=74.0+£1.4 (SHOES, Carnegie Hubble Project),
while those using lensed quasars find Hy=73.3£1.8 (HOLICOW)

= In contrast, Planck finds H;=67.4£0.5, in ~4¢ tension with local
measurements (within the context of the ACDM model)



Motivation: The Hubble Tension

= The simplest way to reduce this tension is to introduce one or more
additional forms of energy that increase the rate of expansion in the
decade (of scale factor) leading up to recombination

= Dark radiation at a level of AN, +~0.1-0.3 approximately minimizes this
tension
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~ panHooper-DarkRadiation & Dark Matter rom PBHS
Dark Radiation From Hawking Evaporation

= The radiation injected from black holes in the early universe includes all
SM particles, along with any and all other particle species that exist

= |f there exist any light, long-lived and very weakly interacting particle
species (axions, gravitons, etc.), they will be produced through Hawking
evaporation and contribute to the energy density during the era of matter-
radiation equality, acting as dark radiation



~ panHooper-DarkRadiation & Dark Matter rom PBHS
Dark Radiation From Hawking Evaporation

= Immediately after a black hole dominated era, the fraction of the energy
density in an exotic light particle species will be given by their degrees-of-
freedom, gpr.H /g« H.

= After accounting for SM entropy dumps, we arrive at:

por(TEqQ) (gDR,II) ( ( gv.5(Teq)*3 )
G«

pr(Teq)  \ gun Teq) gv.s(Tau)'/?

= This is related as follows to the effective number of neutrino species:

4/3
PDR(TEQ)[ 8(11) ]
T pr(Teq) T\ 4

-t (st () o+ 3(2)”"
Gt ) \ 9us(Tru) 9.(Txq) AN
= In the limit of a high reheat temperature, this reduces to:

1/3
gDR.H 106 )
AN.g =~ 0.10 -
! ( 1 )(gx(TRu)
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Dark Radiation From Hawking Evaporation

= In order for these Hawking radiation products to act as dark radiation, they
must be relativistic at the time of matter-radiation equality

= Assuming that the particles are radiated with an energy equal to the initial
temperature of the black holes, their kinetic energy at t-, is given by:

1/3
7 Trq (9*(TEQ)) /
~ Q@LIBH,; X T T
EQ RH \ 9+(TrH)

391\-1ev( e )(M,-)"z( 108 )1/2( 14 )1/‘2
‘ 3.15 )\ 108 g 9x.1(T8H) 9+ (Tru)

where a=2.7 (3.15) for bosonic (fermionic) dark radiation
= Integrating over the lifetime of the black holes, we arrive at a slightly
higher value, ~ 5.5 MeV x (M, /10% g)'/2.

= In contrast to thermally produced dark radiation (which must be lighter
than ~eV), dark radiation that is produced through Hawking radiation can
consist of significantly heavier particles

(EDR)




Black Holes and the String Axiverse?

= From arguments based on string theory, it has been suggested that a
large number of axion-like states are likely to exist — the string axiverse

= |f the early universe contained a black hole dominated era, each

stable and light scalar species is predicted to contribute at level of
AN £~ (0.04-0.08)

= This allows us to use Planck data to place an upper limit on the number
of such states, N_,,,, <0.28/0.04 ~ 7

= More generally speaking, a black hole dominated era appears to be
incompatible with models that feature a large number of light, stable
particle species



Motivation: Dark Matter

= Thermal relics with ~MeV-100 TeV masses and roughly weak-scale
interactions (ie. WIMPs) have long been considered particularly
promising as class of dark matter candidates

= In many models, there is a direct relationship between a dark matter
candidate’s annihilation cross section (which sets the relic abundance)
and its elastic scattering cross section with nuclei

X SM X

X SM N N

= Over the past decade, many of the most attractive WIMP candidates
have been ruled out by direct detection experiments, and no evidence of
WIMPs (or other BSM physics) has yet appeared at the LHC

= In light of this, it is well motivated to consider other mechanisms for the
production of dark matter in the early universe, especially those that
could generate very feebly interacting dark matter particles



Dark Matter From Hawking Evaporation

= Consider a stable and very feebly interacting particle with a mass large
enough that it behaves as matter leading up to the time of matter-radiation
equality

= |f the early universe included a black hole dominated era, an enormous
abundance of such particles would be produced, set by the particle’s
degrees-of-freedom compared to that of the SM

. \ /108 g\ %2
QDMhz ~ 6x107 (QDM,H 100 GeV e
4 MDM M,

= This situation is similar to that of a stable
particle species that was at an equilibrium
abundance in the early universe, but with
a negligible annihilation cross section
(and no other means of being depleted)
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Dark Matter From Hawking Evaporation

= To evade this problem, we will consider very heavy dark matter particles

= Consider the following example: a population of black holes with an
initial mass of 108 grams (corresponding to a surface temperature of
~10° GeV) and dark matter particles with a mass of 6 x 1010 GeV

= Since a black hole can only radiate particles lighter than its temperature,
these black holes will only start producing dark matter particles after their
temperature has increased to ~6x 10'° GeV, at which time the black
hole’s mass has been reduced to ~2x 102 grams

= As a result, the total output into these supermassive particles is
suppressed by a factor of ~Tgy , /mpy ~ 10°/10" ~ 10°

= After accounting for this, we find that a black hole dominated era will
result in the following abundance of dark matter particles:

‘ 6 x 101°GeV /108 g2
Qpvh? =~ 0.1 9pM, H X e o
1 MDM M;
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QDMh2 ~ (.1 (

gopMm. H
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Qpah? ~ 0.1 <fi(1010 GeV)) (gDMH) (109 GeV) Qpagh? ~ 0.1 (gDM,") (6 % 1010 GcV) (msg)s/z
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Example with a black hole dominated era
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Example with no black hole dominated era
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~ DanHooper- Dark Radiation & Dark Matter from PBHs
Planck Scale Remnants?

= It has been argued (somewhat controversially) that the end point of
Hawking evaporation may be a stable object with a mass of around the
Planck mass

= |f there was a black hole dominated era, the abundance of these
remnants would be

A 2
M, 6 x 10° g) S
Qremnan h2 ~ 0.1 x remnant
t ( Mp) ) ( M;

= Within this context, Planck-scale relics could be an attractive candidate
for dark matter
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Summary: A Few Key Takeaways

1) If black holes made up even a trace fraction of the total energy
density after inflation, this fraction will increase as the universe
expands, ultimately dominating the total energy density if the following
condition is met:

| L, /1010 GeVY /108g)\
f = PBH.: 24 % 1012 ( € ) ( g)
PR ’I'l

M;
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.~ DanHooper-DarkRadition & Dark Mattr fiom PBHs
Summary: A Few Key Takeaways

2) If there was a black hole dominated era and there exists one or more
light, feebly interacting particle species, these particles will significantly
contribute to AN 4

In this sense, black holes provide an attractive way to resolve the Hubble
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Summary: A Few Key Takeaways

3) Hawking radiation can easily produce

the measured abundance of dark matter
=
e
W
If there was a black hole dominated era: %
Qpagh? ~ 0.1 (QDM,H) (6 x 1010 GeV) (108g)5/2 E

' mpwMm M;

Without a black hole dominated era:
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Thermal Relic

~1leV ~1MeV ~ 10° GeV

Hawking Radiation

~ 10 MeV ~ 10% GeV ~ Mp,






