Fermilab

Warm Hawking Relics From Primordial Black Hole Domination

FERMILAB-PUB-24-0298-T
arXiv:2406.08535
DOI: 10.1088/1475-7516/2025/02/026

Fermilab Accepted Manuscript

This manuscript has been authored by Fermi Research Alliance, LLC
under Contract No. DE-AC02-07CH11359 with the U.S. Department of Energy,

Office of Science, Office of High Energy Physics.



arXiv:2406.08535v2 [astro-ph.CO] 27 Feb 2025

PREPARED FOR SUBMISSION TO JCAP FERMILAB-PUB-24-0298-T

Warm Hawking Relics From
Primordial Black Hole Domination

Christopher J. Shallue® Julian B. Muiioz’ Gordan Z. Krnjaic®®¢

®Center for Astrophysics | Harvard & Smithsonian, Cambridge, MA 02138
®Department of Astronomy, The University of Texas at Austin, Austin, TX 78712
¢Theoretical Physics Division, Fermilab, Batavia, Illinois 60510

dDepartment of Astronomy and Astrophysics, University of Chicago, Chicago, IL 60637
¢Kavli Institute for Cosmological Physics, University of Chicago, Chicago, IL 60637

E-mail: cshallue@cfa.harvard.edu

Abstract. We study the cosmological impact of warm, dark-sector relic particles produced
as Hawking radiation in a primordial-black-hole-dominated universe before big bang nucle-
osynthesis. If these dark-sector particles are stable, they would survive to the present day as
Hawking relics and modify the growth of cosmological structure. We show that such relics
are produced with much larger momenta, but in smaller quantities than the familiar thermal
relics considered in standard cosmology. Consequently, Hawking relics with keV-MeV masses
affect the growth of large-scale structure in a similar way to eV-scale thermal relics like mas-
sive neutrinos. We model their production and evolution, and show that their momentum
distributions are broader than comparable relics with thermal distributions. Warm Hawking
relics affect the growth of cosmological perturbations and we constrain their abundance to be
less than 2% of the dark matter over a broad range of their viable parameter space. Finally,
we examine how future measurements of the matter power spectrum can distinguish Hawking
relics from thermal particles.
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1 Introduction

The earliest moments of the universe remain beyond the reach of direct observations. The
first era with observable consequences is big bang nucleosynthesis (BBN), when the first
atomic nuclei formed a few minutes into cosmic history. Before nucleosynthesis, there ought
to be a period of reheating, in which the energy that dominated the universe during inflation
was transformed into a hot plasma containing the Standard Model particles that eventually
formed the first nuclei. When and how reheating took place are key open questions of mod-
ern particle cosmology [1-3]. An intriguing possibility is that the early universe underwent a
phase in which its energy density was dominated by primordial black holes, which then evap-
orated through Hawking radiation [4]. This is a generic consequence of ultra-light primordial
black holes (with masses M < 108g), as even a small initial abundance of such objects
would quickly come to dominate the universe as it expanded [5]. Given their short lifetimes



(< 0.1s), these black holes would evaporate to reheat the universe before nucleosynthesis,
making it difficult to distinguish this scenario from other models of reheating.

Since Hawking radiation produces all kinematically available particle species, evapo-
rating primordial black holes may have populated the universe with particles beyond the
Standard Model. If any of these particles are stable and persist to the present day, we
call them Hawking relics. Massless Hawking relics would contribute to the cosmic radiation
budget—conventionally parameterized by the number of effective neutrino species, Nog—and
could be detected in measurements of the cosmic microwave background [6-13]. However,
massless relics are a generic feature of many beyond-Standard-Model theories, so a deviation
from the Standard Model prediction of Neg = 3.045 [14, 15] would not strongly favor Hawk-
ing relics over scenarios. By contrast, massive Hawking relics can become non-relativistic in
the late universe and consequently affect large-scale structure formation as part (or all) of
the dark matter. In this paper, we demonstrate that massive Hawking relics leave observable
signatures that can, in principle, distinguished from other beyond-Standard-Model theories.

Massive Hawking relics can possess non-negligible thermal velocities and therefore affect
structure formation in a similar way to other types of warm or hot matter, such as massive
neutrinos [15-19], neutralinos [20], and other warm dark matter candidates [21-27]. Un-
like thermally-produced relics, which have comparable number densities to the relic photons
of the cosmic microwave background (CMB), Hawking relics are far less numerous. As a
consequence, Hawking relics are allowed to be orders of magnitude heavier than the upper
bound of ~ 10eV on thermal relics [26]. Moreover, Hawking relics have non-thermal “gray-
body” momentum distributions, giving them a distinct imprint on the large-scale structure
of the universe. We compute the precise momentum distribution of Hawking relics, account-
ing for the difference in the instantaneous emission spectrum from a thermal distribution,
the changing black-hole temperature during evaporation, and the redshifting of previously
emitted particles as the universe expands during evaporation. We then study how Hawking
relics affect different cosmic observables, including the cosmic microwave background and the
large-scale structure of the universe, and use these observables to derive new constraints on
warm Hawking relics.

Previous studies have used similar techniques to constrain the particle mass, as well
as the masses and initial abundance of primordial black holes, under the assumption that
a Hawking relic accounts for all of the dark matter [9, 12, 13, 28-37]. In this scenario,
the particle mass must exceed ~ 10 MeV to avoid suppressing structure formation beyond
observational limits [13]. For a particle this heavy to match (rather than exceed) the observed
dark matter density, either

1. the initial abundance of primordial black holes must be sufficiently tiny (e.g., if the
particle mass is 1 GeV, the fraction of cosmic energy density that formed black holes
cannot exceed 1079 [13]); or

2. the particle must be so massive (> 10° GeV [6, 36]) that its production is suppressed
until the end of black-hole evaporation.

Several other studies have considered dark matter produced by primordial black hole evapora-
tion plus an additional mechanism, such as thermal freeze-in/freeze-out [33, 38-41] or stable
black hole remnants [42, 43]. The Hawking relics we consider in this paper do not necessarily
account for all the dark matter. These relics are allowed to be warm or hot because the rest
of the dark matter would still be cold: the relic would only produce a fractional suppression
of the matter power spectrum. Refs. [44, 45] recently studied sterile neutrinos produced



as Hawking relics and calculated their observational signatures in X-rays and gravitational
waves. In this study, we investigate generic Hawking relics with different spins, focusing
primarily on their signatures in the matter power spectrum. We mainly consider the case
where primordial black holes dominate the energy density of the early universe, a scenario
known as black-hole domination [5]. As we will discuss in Section 3, this is a fairly generic
outcome even if the initial abundance of primordial black holes is small, and it leads to a
universal attractor solution of the spacetime dynamics, making it a natural case to study.

Our key finding is that warm Hawking relics can induce changes in the matter power
spectrum that are observable by current spectroscopic galaxy surveys like SDSS [46], DEST [47]
HETDEX [48], and PFS [49]. Moreover, these Hawking relics can be distinguished, in prin-
ciple, from other kinds of relics (such as those produced by thermal freeze-out) due to their
unique graybody momentum distributions. We derive new constraints on warm Hawking
relics, finding that the largest allowed particle mass is ~ 50 MeV in the black-hole-domination
scenario, about six orders of magnitude larger than the heaviest possible thermally-produced
relic [26]. We constrain the abundance of warm Hawking relics to be less than ~ 2% of dark
matter, even if primordial black holes produced multiple different kinds of relic particles. Fi-
nally, we find that for a large region of parameter space, Hawking relics behave like thermal
relics with temperatures that are independent of the mass of particle and the initial mass
and abundance of the black holes. These temperatures depend only on the particle’s spin
and number of degrees of freedom, so if a future investigation finds evidence for a thermal
relic at one of these temperatures, further investigation of its momentum distribution will be
warranted to determine whether it could be a Hawking relic.

This paper is structured as follows. In Section 2, we review the key background con-
cepts needed for the rest of the paper. In Section 3, we study the dynamics of spacetime with
primordial black holes and work out the details of reheating. In Section 4, we calculate the
momentum distribution of a Hawking relic and investigate its dependence on the changing
black-hole temperature and the expansion of the universe. In Section 5, we consider the
observable consequences of warm Hawking relics in the black-hole-domination scenario. We
evolve the momentum distribution of a Hawking relic to the present day and use it to compute
measurable effects on the cosmic microwave background and large-scale structure of the uni-
verse. We use CLASS [50] to compute the matter power spectrum in the presence of Hawking
relics of different masses, and study the differences and similarities between Hawking relics
and thermal, neutrino-like relics. Finally, we derive new constraints on warm Hawking relics
by approximating a Hawking relic by an “equivalent” thermal fermion and using constraints
on thermal fermions from a joint analysis of CMB, galaxy clustering, and weak-lensing data
from Ref. [26]. In Section 6, we summarize our main results and give concluding remarks.

Throughout this paper we use units with ¢ = A = kp = 1. Our CLASS configuration
uses the following ACDM cosmological parameters: Q,h? = 0.0223, Q.h% = 0.120, h = 0.678,
Ay =2.10 x 1072, ng = 0.966, Treio. = 0.0543, in agreement with Ref. [51].

2 Primordial Black Hole Preliminaries

2.1 Formation

Various cosmological scenarios predict the formation of black holes in the early universe. For
example, primordial black holes may have formed from the gravitational collapse of overdense
regions [52, 53]. In a radiation-dominated era, the critical overdensity needed for a region to
collapse into a black hole is 6. = 0.4 [54, 55]. Densities this high would be extremely rare



according to the standard theory of nearly scale-independent small density perturbations
generated during inflation. However, the primordial power spectrum has only been measured
out to wavenumbers of order k ~ 10 Mpc~! [56, 57], leaving open the possibility of small-
scale, high-amplitude density perturbations in the early universe that produced a meaningful
population of black holes. Such perturbations arise, for example, in some models of single-
and multi-field inflation [58-60, and references therein]|. Alternatively, primordial black holes
may have formed due to a sudden reduction in pressure during a phase transition, or through
more exotic scenarios. See Ref. [55] for a recent review of primordial black hole formation
scenarios and constraints.

If primordial black holes formed from the gravitational collapse of primordial fluctu-
ations, their masses are expected to be of order Mpy; ~ My, where Mgy, is the forma-
tion mass of a given black hole (so denoted to differentiate from its time-dependent mass
Mgn(t) due to evaporation) and My is the mass in a Hubble volume at its formation time.
This is because overdense regions are stretched to super-horizon scales during inflation and
only undergo collapse when they re-enter the horizon. It is conventional to parameterize
Mgn,; = yMpy, where «y is an order-unity parameter that depends on the details of gravita-
tional collapse [54, 61]. We then have

" 4 (7 10 GeV
Meni = 507 ~ 1078 (o.1> < A 21)

where H is the Hubble rate at formation.

We will assume throughout this paper that all primordial black holes formed at approxi-
mately the same time and with approximately the same mass. This so-called monochromatic
mass spectrum is commonly assumed in the primordial black hole literature, although the true
spectrum depends on the details of primordial black hole formation and could be extended
even if primordial black holes arose from a narrow peak in the power spectrum [54, 62-64].
See Ref. [12] for a recent investigation of dark matter produced by evaporating primordial
black holes with extended mass distributions. We also neglect black-hole spin, as our focus is
on ultra-light black holes (Mpp,; < 5x 108 g), which are not expected to form with significant
spin or to acquire it through accretion [65, 66]. If primordial black holes possessed significant
spin, their production of higher-spin particles would be enhanced [67], which would modify
the predicted distribution of relic particles [7, 11-13, 35, 36, 41].

2.2 Constraints

The Hubble rate after inflation is bound by Planck constraints on the tensor-to-scalar ratio to
satisfy H < 10'* GeV [68]. By Eq. (2.1), the corresponding bound on black holes that formed
from gravitational collapse is approximately Mpn,; 2 1g, where we have taken v ~ 1, so we
do not consider formation masses below this threshold. We are only interested in primordial
black holes that evaporate by the present day, which true if Mpn,; < 10'° g. However, if
there were a meaningful number of evaporating black holes during big bang nucleosynthesis
(BBN), the predicted abundances of atomic nuclei would be incorrect [55]. We thus require
that the primordial black holes evaporate before BBN, which gives us an upper bound of
Mgph,; S5 % 108 g [69] as we will show in Section 3.3.

The abundance of evaporating primordial black holes is conventionally described by the
parameter 3, defined as the fraction of the cosmic energy density that collapsed into black
holes,

pBu(ti)

Prot (ti)

, (2.2)



where t; is the formation time [70]. For primordial black holes that evaporate before BBN,
the tightest constraints on 8 come from gravitational waves that would be generated during
the rapid transition from matter to radiation domination as the black holes evaporate. These
gravitational waves would contribute to the effective number of relativistic species (Neg) [71],
which constrains [72]

—17/24
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though this bound is model dependent and can be offset by additional entropy transfers into
the Standard Model radiation bath after reheating from Hawking evaporation. There are also
gravitational waves due to gravitons produced directly by Hawking radiation, whose produc-
tion is significantly enhanced for black holes with high angular momentum [67]. Both kinds
of gravitational waves—those generated by rapid evaporation and those directly produced
by Hawking radiation—may be detectable in future measurements of the cosmic microwave
background [6, 7, 10, 11].

Aside from gravitational radiation, primordial black holes that evaporated before BBN
are difficult to constrain because they would have evaporated into Standard Model particles
and thermalized prior to our earliest observations (see Appendix A). This paper explores
a way to detect these hypothetical black holes using Hawking relic particles that do not
thermalize and stream freely to the present day.

2.3 Evaporation

Observers far from a black hole will measure a flux of particles from the direction of the
black hole [4]. This phenomenon, known as Hawking radiation, is a theoretical consequence
of adding quantum fields to a curved black-hole spacetime. Although originally derived for
astrophysical black holes formed from stellar collapse, the same effect should also apply to
primordial black holes formed in the early universe. We will assume that Hawking radiation
from primordial black holes operates in the same way as black holes in a vacuum. Through
Hawking radiation, black holes are expected to lose mass and eventually evaporate.’

For a Schwarzschild black hole of mass Mpy, Hawking radiation is characterized by a
black-hole temperature

1
N 87TGMBH

Ton ~ 103 GeV ( Mg ) . (2.4)

BH

The instantaneous rate of particles emitted by Hawking radiation as measured by distant
observers at late times is

dN; g T

dEdt — 2meB/Ton +1
where N; is the number of particles of species j emitted, £ is their energy and g; their number
of degrees of freedom, and the + characterizes fermions or bosons [77]. Here I';(E, Mpn)
is the so-called graybody factor [67], which accounts for dynamical interactions between the
black hole and the field of emitted particles (see Appendix B).?

(2.5)

LA complete dynamical model of Hawking evaporation requires a theory of quantum gravity, so the full
details of this process are currently uncertain, especially in the later stages of the black-hole lifetime [73].
For example, evaporating black holes might leave behind Planck-scale remnants, which could themselves be
dark-matter candidates [74-76]. However, in this paper we assume that Hawking evaporation proceeds until
black holes evaporate completely.

2Throughout this paper, we use the graybody factors from Ref. [78].



A particle species of mass m will be emitted relativistically if m < Tgg, and for

1 g
m< ———— ~ 102 GeV ( ) , 2.6
87TGMBHJ' MBH,i ( )

this is true for the entire lifetime of the black hole.? In this regime, I'; is a function of p/TgH,
where p is the particle momentum, and I'; is the same for all particles with the same spin
[77]. Then the power emitted in each species is

d€j _g; [ dpply 9;

At on )y e/l (GMBH)2fj ’ 27)

where we have defined the emission per degree of freedom as

1.00, spin 0,

0.550 in 1/2

~ 7.44 x 1077 x ;o spin 1/2,
ep/Ton + 1 0.226, spin 1,
0.0258, spin 2.

[i =

(GMsn)” / ~_dppl, (2.8)
0

2

Therefore, the black hole loses mass at a rate of

dMBHi K
— Z — GMB QZg]fj T (2.9)

where we have defined the quantity

- Gizzgjfj , (2.10)
J

with the sum over all particle species j produced by Hawking radiation. Solving Eq. (2.9)
yields the black-hole mass as a function of time

t—t\'?
Mgnu(t) = Mpn, <1 - > , (2.11)
TBH

where t; is the formation time, Mpn,; = Mpu(t;) is the formation mass, and

M3y ; ksM\ (M \°
= il <—) i 92.12
TBH 3K A ( 109¢g ) (212)

is the primordial black hole lifetime, where rkgy ~ 8 x 1026g3s~! is the value of x assuming
Hawking evaporation due to all Standard Model particles and no dark-sector ones. Although
the precise value of xk depends on the full spectrum of particles in nature, which may include
beyond-Standard-Model (BSM) states, any BSM contributions would only increase s by a
few percent for each new species. Throughout this paper we make the approximation that

3If there are ultra-massive dark-sector particles in nature, their production will be suppressed until the
end of the black-hole lifetime and their high mass will make them cold dark matter at the present day. In this
paper, we consider only particles emitted relativistically throughout the black-hole lifetime, in which case any
dark-sector relics will be warm at the present-day.



Kk & kgM, which does not significantly affect our results unless there are many BSM degrees
of freedom.

Since the primordial black holes we study formed during early radiation domination, we
can combine Egs. (2.1) and (2.12) to obtain

t Mg\ 2
~ 1071 (”) <BH> <1, (2.13)

TBH KSM g

so to a very close approximation Eq. (2.11) simplifies to

;o\ 1/3
MgHu(t) = Mgy, (1 — ) , (2.14)
TBH

which we will use throughout the rest of the paper.

3 Spacetime Dynamics with Primordial Black Holes

Assuming that primordial black holes form and evaporate as outlined in Section 2, we now
move to study their effect on cosmic expansion and the subsequent reheating of the universe
after their evaporation.

3.1 Evolution of Energy Densities

Adding primordial black holes to the standard cosmological model requires us to modify
the dynamics of the early universe. On large scales, the universe after black-hole formation
can be described as a Friedmann-Lemaitre-Robertson-Walker universe with energy density
consisting of (i) black holes, which behave like pressureless matter, and (ii) relativistic species,
including products from Hawking radiation. Then, the Friedmann equation is

8rG

H? = 3 (pBH + PR) (3.1)

where H is the Hubble parameter, ppy is the energy density in black holes, and pg is the
energy density in relativistic species. The energy densities are governed by

Mgn
Mgy’

MBH .
; r = —4HpRr — pBH
Vo' P PR =P

pBH = —3HpBH + pPBH (3.2)
where in each expression the first term represents the change in energy density due to expan-
sion and the second term represents the conversion of black-hole rest mass into relativistic
energy via Hawking radiation. We note that some particle species contributing to pr may
become non-relativistic during the lifetime of the black holes, but the energy density of non-
relativistic species will generally be negligible compared to the relativistic species [79]. The
non-relativistic species may include Standard Model particles that remain coupled to pho-
tons, such as protons and electrons, and/or hypothetical dark sector particles such as weakly
interacting massive particles (WIMPs) that freeze out during black-hole evaporation.
Figure 1 shows two possible cosmological histories if primordial black holes are present
in appreciable numbers. In both cases, the black-hole formation mass is Mpnu; = 10 g,
which sets the initial cosmic energy density by Eq. (2.1). The initial abundance of black
holes is # = 107'% and 10~7 in the left and right panels, respectively. Hawking radiation is
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Figure 1. Evolution of cosmic energy density in radiation-dominated (left) and black-hole-dominated
(right) scenarios. For any black-hole formation mass, there is a threshold value of the initial abundance
8 above which black-hole domination will always occur.
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Figure 2. Primordial black hole parameter space. The black-hole formation mass Mgy ; ranges from
a lower limit of ~ 1g given the minimum Hubble mass from Planck constraints on the tensor-to-
scalar-ratio, to an upper limit of ~ 5 x 102 g in order for the black holes to evaporate by BBN. In the
blue shaded region, black holes will dominate the cosmic energy density before they evaporate. The
dashed green line is a model-dependent upper limit on the black-hole abundance from constraints on
gravitational waves produced when they evaporate. The stars mark the parameters used in Figure 1.

negligible early in the black-hole lifetime, so ppng and pg initially redshift as a2 and a=4,
as usual for non-relativistic and relativistic matter. Eventually, Hawking radiation becomes
significant and the black holes are converted into radiation. In the left panel, the initial
black-hole abundance is so small that the universe remains radiation dominated throughout
black-hole evaporation. In the right panel, the black-hole energy density overtakes radiation
and dominates the total energy for most of the black-hole lifetime.

The scenario in the right panel of Figure 1 is called black-hole domination, and it is
generic: for any formation mass, there is a threshold value of 8 above which black-hole
domination will always occur. If primordial black holes form from gravitational collapse of



density fluctuations, the threshold is approximately [5]

- g
Bgup ~ 1070 <> : 3.3

Mgw i (3:3)
Figure 2 shows the region of the primordial black-hole parameter space for which black-hole
domination occurs. In this region, the spacetime evolution has an attractor solution: all
values of 3 yield the same spacetime dynamics after black-hole domination begins. We will
discuss the dynamics of black-hole domination in the following section.

3.2 Dynamics of Black-Hole Domination

When black-hole domination occurs, the universe enters a matter-dominated phase before
Hawking radiation plays a significant role, and the subsequent evolution is independent of the
initial black-hole abundance 8. Since most of the Hawking radiation is emitted near the end
of the black-hole lifetime, the cosmic dynamics can be approximated by a matter-dominated
universe satisfying H = 2/(3t), with the black holes evaporating instantaneously at ¢ = .
A more precise model of the cosmic dynamics can be obtained by numerically solving the
fluid equations with appropriate initial conditions, as we describe in Appendix C. Compared
to the matter-domination approximation, the full numerical solution yields a smaller cosmic
energy density at evaporation time, satisfying

0.88

—_— 3.4
671'G7'E2>)H ’ (3-4)

pr(TBH) =
where the numerator would be unity if the impact of Hawking radiation on Hubble expan-
sion were neglected. The comoving black-hole number density, which is constant between
formation and evaporation (i.e., the number of black holes does not change), satisfies

1.09a3

= "RH 3.5
GWGT]%HMBHJ ( )

ﬁBH = a(t)?’nBH(t)
where ary is the scale factor at reheating (evaporation time), which we will calculate in the
following section. Throughout this paper, we use the full numerical solution as it is the most
accurate model of the spacetime background during black-hole domination.

3.3 Reheating Through Hawking Evaporation

In the black-hole domination scenario, reheating occurs when the universe transitions from
black-hole-dominated to radiation-dominated through Hawking evaporation. We assume that
all Standard Model particles emitted by black holes have reached thermal equilibrium at this
time (see Appendix A for a discussion). The total energy density at evaporation time is

PR = PSM + PH = pSM (3.6)

where pg is the energy density of all (initially) relativistic products of Hawking radiation,
psM is the energy density of species in thermal equilibrium with the Standard Model plasma,
and py is the energy density of non-interacting Hawking particles. If species are initially
coupled to the Standard Model but decouple during primordial black hole evaporation (e.g.
neutrinos or WIMPs), they are included in psy not pg. Note that due to Neg bounds from
BBN and the CMB, the non-thermalizing Hawking relics are always a subdominant fraction
of the total energy density upon evaporation in any viable scenario.



The energy density is related to the reheating temperature by

2
T
pr (1) ~ pswi(rein) = 559 (Thir) T (37)
where Tgry is defined to be the temperature of the Standard Model at evaporation time
and g.(T) is the number of relativistic degrees of freedom in equilibrium at temperature 7.*
Combining Egs. (3.4) and (3.7), we find

1/4 1/4 3/2
Tru ~ <30’”‘(TBH)> / ~ 2.7 x 10" GeV <g°°> : ( & > : (3.8)
2g. RH 0+ RH Mpgm,; ’

where g, rRH = g+«(TRH), g+,00 = 106.75 is the value of g.(T") when all Standard Model particles
are relativistic, and we have used Eq. (2.12).

Figure 3 shows the reheating temperature as a function of the black-hole formation
mass. Smaller black holes (Mgn,; < 10° g) evaporate while all Standard Model particles are

still relativistic, which means that g. RH = g«,00 and Try is exactly proportional to MI;’I/ 2‘2'
However, larger black holes evaporate after some species have become non-relativistic, which
decreases g, ru and heats the plasma to a higher temperature than if all particles had re-
mained relativistic. In this case, Eq. (3.8) must be solved numerically for Tgry. In order for
the black holes to evaporate before BBN, at which time the plasma temperature is at most
~ 4MeV [80-82], the black-hole formation mass must satisfy Mpn,; <5 x 10%g [55, 61, 69].

Given the reheating temperature, we can also calculate the scale factor at primordial
black hole evaporation. The entropy of the Standard Model plasma is conserved, so its
entropy density satisfies s oc a~3, where a is the scale factor and we adopt the convention
that a(ty) = 1 today. Using s o g.sT°, where g, s is the number of relativistic degrees of
freedom in entropy, the scale factor at evaporation time satisfies

Mgn,; > 3/2

arp = a(mBh) = 2.9 X 1072y < .

(3.9)

where we set the photon temperature today to 2.725 K [83], and where we have defined

1/3 1/4
n= (g*’m) <9*,RH> , (3.10)
g*,s,RH g*,oo
where ¢ srH = Gxs(Tru). Figure 3 shows n as a function of the black-hole formation
mass. It is an order unity parameter that approaches 1 for small primordial black holes
(Mpn,; S 10° g, which evaporate while all particle species are relativistic), and is slightly

larger for black holes with higher formation masses. For the largest primordial black holes
we consider (Mpp,; ~ 5 X 108 g), we find n ~ 1.2.

4 Momentum Distribution of a Hawking Particle

If primordial black holes evaporated in the early universe, they would have produced all
particles coupled to gravity, including any kinematically available BSM states. In this paper,

“We use the g. functions tabulated by Ref. [79] with a QCD transition temperature of T. = 214 MeV. For
our purposes, the choice of T, only matters for a narrow range of black-hole formation masses for which the
evaporation temperature is close to that transition.

~10 -
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Figure 3. Left: The reheating temperature is proportional to M];Ii/f for Mpu; < 10°g and
deviates slightly for larger formation masses due to Standard-Model deérees of freedom becoming
non-relativistic. The lower bound on Try comes from the minimum reheating temperature required
for BBN, which implies an upper bound on Mgy ;. Right: Correction factor 7, as defined in Eq. (3.10),
approaches unity for Mpy,; < 10° g and is only slightly larger for heavier formation masses.

we consider a stable, non-interacting species of particle produced by primordial black holes,
which we call a Hawking particle. We refer to remnant Hawking particles at the present
day as Hawking relics, in a similar vein to relic neutrinos. We assume that the mass my of
the Hawking particle satisfies my < 101*GeV(g/Mgp ;) from Eq. (2.6), so that it is emitted
relativistically throughout primordial black hole evaporation.

In this section we compute the momentum distribution of a Hawking particle. This
distribution will differ from the instantaneous emission spectrum in Eq. (2.5) because (i)
the black-hole temperature increases during evaporation, shifting the instantaneous emission
spectrum towards higher momenta; and (ii) the universe expands during evaporation, red-
shifting the spectrum of previously emitted particles towards lower momenta. Both of these
effects have a sizable impact on the final distribution, making it significantly wider than the
instantaneous spectrum. This affects the observability of Hawking relics, as we will explore
in Section 5.

4.1 Static Spacetime Background

To isolate the effect of the increasing black-hole temperature on the final momentum distri-
bution, we first consider evaporating black holes in a static spacetime background (i.e., no
redshifting of particle momenta). Since Hawking particles are defined to not interact, the mo-
mentum of each particle remains constant after emission (unlike the Standard Model Hawking
products, which thermalize), and the instantaneous change in the momentum distribution of
emitted particles is

dng _  dNu _nu  gul'm

dpdt ~ "PUapdt T 2m ep/Ton £ 1

(4.1)

where ng is the number density of Hawking particles per unit momentum p at cosmic time
t, Ny is the total number of particles emitted from each black hole, gy is the number of spin
degrees of freedom, and 'y is the species graybody factor defined in Section 2.3. Integrating
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Figure 4. The increasing black-hole temperature during evaporation shifts the distribution of

Hawking particles to higher momenta. ny is the number density of scalar particles emitted in a static
universe as a function of their momenta p. Left: We show three scenarios for comparison. The blue
line represents evaporating primordial black holes with initial mass Mpn; and temperature Tgy ;.
The red line represents non-evaporating black holes, obtained from Eq. (4.2) by holding the black-
hole mass constant at Mpn,; over the time interval 7. The gray line represents non-evaporating
blackbodies with temperature Tgy,, obtained from Eq. (4.2) by replacing graybody factors with
'y = 27(GMpn p)? (see Appendix B). The y-axis is in units of ngp, the total number density
emitted from non-evaporating blackbodies. Right: Evolution of the momentum distribution over the
lifetime of the evaporating black holes. Most of the high-momentum tail is emitted in the final stages
of evaporation, which is also where the theory of Hawking radiation is most uncertain [73].

over the black-hole lifetime gives the momentum distribution of all emitted Hawking particles,

dnH __ gu"BH /TBH thH
dp 21 Jy er/Teu41’

(4.2)

where I'y and Tgy = (87GMpy)~! depend on time through black-hole evaporation.

Figure 4 shows the momentum distribution of a spin-0 particle emitted in a static
background. Compared to a blackbody and a constant-mass black hole, the spectrum from
an evaporating black hole is shifted towards higher momenta due to the increasing black-hole
temperature as it loses mass. Most of the high-momentum tail comes from the final ~ 10%
of the lifetime. The final spectrum differs significantly from the approximation in which
the temperature is treated as constant, even though the temperature does not change much
during the first ~ 90% of the black-hole lifetime.

4.2 General Spacetime Background

We now turn to the general case, in which emitted particles are redshifted during evaporation
as the universe expands. After emission, Hawking particles move freely along geodesics, so
their momenta are inversely proportional to the scale factor a. We therefore define the
comoving momentum p = ap, which is conserved for Hawking particles after emission. The
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Figure 5. Evaporation-time momentum distributions generated by primordial black holes in different
cosmological scenarios (left) and for particles with different spin (right). ny is the number density of
emitted particles per degree of freedom as a function of their momenta p, in units of the total number
density nppgp of spin-0 particles in the black-hole-domination scenario. Left: Redshifting of particle
momenta with the full cosmological background (blue) extends the low-momentum tail compared to
the static, non-expanding cosmology (gray). Right: Particles with higher spin (green, purple) are
produced in lower numbers per degree of freedom and skewed towards higher momenta compared to
the scalar (blue).

3

instantaneous rate of change in the comoving number density ny; = a°ny of Hawking particles

per unit comoving momentum is

dpdt "M apat or  ep/(aTen) £1

(4.3)

where npy is the comoving number density of black holes. Integrating over the black-hole
lifetime, we have

dn N gt
NH _ gHNBH / H/a (4.4)
0

dp 27 eb/(aTsn) 4+ 1

The number of Hawking particles does not change after black holes evaporate, so dgﬁH is a
constant function of p thereafter. In terms of physical momentum, the differential number
density after evaporation (a > arp) is

dny _ 1 divy

— 4.5
dp a? dp (4.5)

p=ap

In Figure 5, we show momentum distributions for Hawking particles of various spins
evaluated at evaporation time, and we consider the following cosmological scenarios:

e Static, where a = 1 throughout the primordial black hole lifetime. In this approxima-
tion we neglect the redshifting of particle momenta, as in Section 4.1.

e Radiation domination, where a o t!/2 throughout black-hole evaporation, in which
the primordial black holes never contribute significantly to the energy density, as in the
left panel of Figure 1.
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e Matter domination, where a o t2/3 throughout black-hole evaporation, which ap-
proximates the black hole-domination scenario.

e Black-hole domination, in which black holes dominate the early cosmic energy den-
sity and smoothly evaporate into radiation, as in the right panel of Figure 1. In contrast
with Matter Domination as described above, here the accumulating radiation slightly
modifies Hubble expansion throughout this era.

As Figure 5 shows, the expansion of the universe during evaporation significantly extends
the low-momentum tail compared to a static universe, but the high-momentum tail is unaf-
fected because it is produced rapidly at the end of the black-hole lifetime. At evaporation
time, the matter-domination approximation closely reproduces the momentum distribution
of black-hole domination because the two cosmologies only differ near the end of the black-
hole lifetime, where redshifting effects are not significant. However, the matter-domination
approximation also generates a different reheating temperature via Eq. (3.4), which affects
how the momentum distribution is evolved to present day.

The right panel of Figure 5 compares the evaporation-time momentum distribution of
Hawking particles with different spins. Particles with higher spin are produced in lower
numbers (per degree of freedom) and skewed towards higher momenta, owing to the spin
dependence of the graybody factor [84].

4.3 Scaling with Black-Hole Formation Mass

In the black-hole domination scenario, the differential number density dny/dp of Hawking
particles satisfies an exact scaling law with the black-hole formation mass Mpp ;. We used this
scaling property instead of separately solving for the cosmological evolution and momentum
distribution for each Mpp ;.

Let ny,1 and ny 2 denote the number density of Hawking particles that would be gener-
ated if primordial black holes had initial mass Mpy; = M; and Ma, respectively, and suppose
that the particle spin and degrees of freedom are the same both scenarios. Then at a given
scale factor a relative to the present-day (and after evaporation), we have

<M1> dnH71 . (M2> dnH,Q
m/)odp |, \ W3/ dp
where 71 and 7, are evaluated in Eq. (3.10). To derive this relation from Eq. (4.5), we used
that I'z is a function of GMp [67], that a/agry is a function of ¢/7py (see Appendix C), and
Egs. (2.12), (3.5), and (3.9).

Figure 6 shows how the present-day momentum distribution varies with the black-
hole formation mass and particle spin. Larger black holes leave behind Hawking relics with
higher momenta but lower number density. The momenta are higher because larger black

holes evaporate later, so Hawking particles are redshifted less between evaporation time and
today, with the peak momentum satisfying, by Eq. (4.6),

b1 b2

_ , (4.6)
p=p2 771M11/2 772M21/2

1/2
P X nMB{{’i. (4.7)
Integrating Eq. (4.6), the total number density scales with the initial black-hole mass as

nyg X 773M1;P1L/z‘2' (4.8)
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Figure 6. Present-day momentum distributions of Hawking relic particles. Left: Larger primordial
black holes leave behind Hawking relics with higher momenta but lower number density. Each line
corresponds to a scalar Hawking relic (spin 0, ¢ = 1) for a different value of the initial black-hole
mass. Right: Comparison of scalar (spin 0, g = 1), Weyl fermion (spin 1/2, g = 2), and vector (spin
1, g = 2) Hawking relics with initial black-hole mass of Mpy,; = 102 g. Each line scales with Mpn i
according to Eq. (4.6).

The number density is smaller for larger formation masses because there are fewer black
holes (npu o ngM];I;/ 2.2 by Eq. (3.5)), even though each black hole produces more particles
(Np MéHl) We note that for all formation masses in Figure 6, the number density of
the Hawking relic is much lower than the relic photon number density of ~ 10%cm™3, but
its mean momentum is much higher than the mean photon momentum of ~ 10~4eV. As we
will discuss further in the following section, this sets Hawking relics apart from any other
hypothetical relic particles that were initially in thermal contact with the Standard Model.

5 Observing Hawking Relics

In many established and theoretical cosmological scenarios, populations of stable, weakly-
interacting particles are generated in the early universe and survive to the present day as
relic particles. A well-known example is that of relic neutrinos, which decoupled from the
Standard Model just before BBN. These belong to the category of (light) thermal relics,
which are particles that decoupled from the Standard Model plasma while relativistic [85]
(we only consider this type of thermal relic, as opposed to heavier relic particles like WIMPs,
which were non-relativistic when they decoupled).

The Hawking relics we consider are relativistic when produced, so they share similar-
ities with light thermal relics. Both Hawking relics and thermal relics can have significant
particle velocities during cosmological structure formation, even as they redshift and become
non-relativistic. However, whereas thermal relics have temperatures and number densities
comparable to those of CMB photons, Hawking relics are always much hotter and much less
numerous than photons.® As we will see, this allows Hawking relics to have much higher

5This is true for all black hole-masses considered in this paper. Larger masses could produce Hawking
relics with softer momenta relative to Standard Model thermal relics, but from Figure 3 these masses would
not be compatible with BBN.
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masses than light thermal relics while affecting cosmological observables in similar ways.

The cosmological effects of a Hawking relic depend on its mass relative to the Hawking
temperature at black-hole formation time, and we distinguish between three qualitatively
distinct regimes:

e Ultra-light Hawking relics (dark radiation): If a Hawking relic is light enough to
remain relativistic over the age of the universe, its primary effect is on the expansion
rate through its contribution to the relativistic energy density. In this case, the Hawk-
ing relic is indistinguishable from other ultra-light relics (i.e., its effects are described
completely by AN.g) and the shape of its distribution function does not directly affect
any cosmological observables [6-9, 11-13].

e Ultra-heavy Hawking relics (cold dark matter): If the mass of a relic exceeds the ini-
tial Hawking temperature of the black hole, its production is exponentially suppressed
until the black hole becomes hotter over the course of its evaporation. Consequently,
such heavy relics are only produced appreciably near the end of the black hole’s lifetime
and their number densities are suppressed compared to those of lighter relics. Further-
more, since heavy relics have low thermal velocities during structure formation, they
constitute some or all of the cold dark matter [6, 9, 12, 13, 28-31, 33, 36-41].

e Warm Hawking relics (warm/hot dark matter): If a Hawking relic is sufficiently
light to be produced relativistically throughout black-hole evaporation, but also suffi-
ciently heavy to become non-relativistic in the later universe, it behaves like warm dark
matter and affects the growth of large-scale structure. Due to their impact on structure
formation, these relics cannot constitute all of the dark matter [9, 12, 13, 28, 30-37].

In this section, we review the observational effects of ultra-light Hawking relics and
study, for the first time in detail, the effects of warm Hawking relics that constitute only a
fraction of the dark matter (also see Ref. [34]). We assume throughout that the early universe
went through a period of black-hole domination as described in Section 3. To determine the
boundary between the ultra-light and warm relic regimes, we use Eq. (4.5) and (4.6) to
compute the mean momentum® for each type of relic at time ¢,

1.0, spin O,
1 [  dng  0.14eVy (MBHi)l/Q 1.5, spin 1/2,
= — d = : X 5.1
(pr) / PP dp a(t) g 2.0, spin 1, (5-1)
3.1, spin 2,

where 7 is given in Eq. (3.10). Thus, a Hawking relic is ultra-light (i.e., relativistic today) if

M, ; 1/2
my > 0.1eV (ZH) : (5.2)
whereas it is warm if
Mg 1/2
0.1eV <BH> < my < 101 GeV< & ) , (5.3)
g Mgy,

5(pn) is approximately proportional to (spin + 1), but we believe this is a happy accident and does not
arise for any fundamental reason.
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Name Spin | g | 77 ANg
Scalar 0 1 |51x1072
Weyl fermion | 1/2 | 2 | 5.6 x 1072
Dirac fermion 1/2 | 4 | 1.1x107!
Massless vector! 1 2 | 23x1072
Graviton 2 2 | 26x1073

Table 1. Prediction for the shift ANeg in the effective number of relativistic neutrinos for ultra-light
Hawking relics of different spins. The contribution to A Neg is generic for all primordial black-hole
masses when corrected by the order-unity 1 factor in Eq. (3.10). TA vector with Stueckelberg mass
would have gy = 3, increasing A Neg by a factor of 1.5.

where the upper bound is Eq. (2.6). For Mpu,; = 10® g, the cutoff between relativistic and
non-relativistic Hawking relics is ~ 1keV, which is significantly larger (by a factor of ~ 10%)
than the corresponding cutoff for light thermal relics.

5.1 Effects of Ultra-Light Hawking Relics
The primary effect of an ultra-light Hawking relic is its contribution to the radiation density.
After electron-positron annihilation, its energy density relative to photons is

1.0, spin 0,

0.55 in 1/2
PH _ 12 %1072 gy x , spin 1/2,
P~ 0.23, spin 1,

0.026, spin 2.

(5.4)

Since 1 < n* < 2 for all black-hole formation masses we consider, this ratio only varies by a
factor of 2 across the entire range of formation masses.

Additional relativistic degrees of freedom are a common prediction of beyond-Standard-
Model physics. Their effect can be encapsulated by a shift in the effective number of thermal

neutrino species [51],
8 [11\¥? PH
ANegg = - | — —. 5.5
T ( 4 ) Py (35

A positive value of ANyg implies the presence of more radiation around recombination, and
thus a higher expansion rate H. This produces additional damping in the CMB high-¢ tail
and shifts the baryon acoustic oscillation (BAO) peaks [86]. Together, these effects can be
observed in the CMB data and disentangled from other cosmological parameters. Current
CMB observations constrain |[ANgg| < 0.3 [51], though future observations will be able to
measure deviations an order of magnitude smaller [87]. As a comparison, we show in Table 1
the ANqg predicted for several species of Hawking relics (see also Ref. [6], and Refs. [7, 11]
for spinning black holes). All of these ANqg values are allowed by current CMB constraints,
and barring the graviton case can potentially be probed by future CMB observations as they
give rise to ANg = 0.03.

5.2 Effects of Warm Hawking Relics on Large-Scale Structure

Warm Hawking relics contribute to the matter component of the universe and therefore
influence its gravitational clustering. At the present day, the energy density of a warm
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Hawking relic is given by

) - . 1/2 1.00, spin 0,
Quh? = P12 — 2.0 x 10 gy (i) x {0.37, spin 1/2, (5.6)
Pe eV / \ Mgn,
0.11, spin 1,

where p. = 3HZ/(87G) is the critical density and h is defined by Hy = 100hkms~! Mpc~t.
In principle, the relic’s mass could be chosen so that its energy density matches the dark
matter density of Qpyh? ~ 0.12 [51]. However, its effects on structure formation limit its
maximum energy density to only a small fraction of the total dark matter density (which we
will calculate in Section 5.4).

Warm Hawking relics have the following main effects on cosmological structure forma-
tion:

e Background expansion: Hawking relics contribute to expansion of the universe
through the Friedmann equation, initially redshifting like radiation before becoming
non-relativistic and redshifting like pressureless matter.

e Free streaming: Hawking relic velocities remain significant throughout cosmic history,
which suppresses the matter power spectrum on small scales. Specifically, the thermal
velocity of a relic sets a horizon beyond which it does not gravitationally collapse. In
Fourier space, this is expressed as a free-streaming scale [88]

k() = aH [3Q(a) (vg%) /2], (5.7)

where <vﬁQ> is the mean inverse-square relic velocity and €2y is the density of all non-
relativistic matter, which has the present-day value h2Qy; o ~ 0.1434 [51]. For various
spins, we find

1.0 spin 0
2 g 0O 1/2 1/2 ) ’

ke ~ 1072 Mpc™! %Fo <th40> (’g) <M§H ) x < 0.61, spin 1/2, (5.8)
’ ! 0.44, spin 1.

Faster Hawking relics move too quickly to become trapped by feeble gravitational po-
tentials, and therefore do not cluster on small scales. As a consequence, Hawking-relic
fluctuations oy (where §; = p;/ (p;) — 1 for any fluid i) will be suppressed as (k/kg) 2 for
modes below the free-streaming scale (k > kg), thereby washing out their small-scale
fluctuations.

The suppression of Hawking-relic fluctuations also affects the overall clustering of mat-
ter. Matter fluctuations consist of two components, one cold (cold dark matter and
baryons) and one warm (Hawking relics):

Om = febOeb + fudn,  fi = pi/pm, (5.9)

where fe, and fi are the matter fractions of cold dark matter+baryons (cb) and Hawk-
ing relics (H), respectively. Note that even if the Hawking relic is only a subdominant
component of all matter (fg < fep), its presence can still significantly suppress Op,.
This is because the absence of dy fluctuations for k > kg yields slower growth for dgp
fluctuations, which can be understood from the Hawking relic contributing as matter
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to the Hubble rate H, but not to matter clustering (ég — 0 on small scales). For neu-
trinos, this “backreaction” gives rise to a well-known suppression in the matter power
spectrum of (relative) size —8f, [89], where f, is the neutrino matter fraction. Hawking
relics are typically slower than neutrinos, and therefore become non-relativistic earlier
and suppress fluctuations for longer durations. Thus, for Hawking relics we expect the
corresponding suppression factor to be larger [90] and that the degeree of small scale
power suppression (for k > kg) depends on the relic’s matter fraction fy; power on
larger scales will be largely unaffected.

To determine the impact of a Hawking relic on the matter power spectrum, we used

the Boltzmann solver CLASS [50] and computed the relic distribution functions today using
Eq. (4.5). These distributions serve as the input for a generic non-cold dark matter (ncdm)
component in CLASS, which self-consistently evolves the evolution of fluctuations in all fluid
components, including the Hawking relic. Beyond adding the Hawking relic, we used param-
eters from the standard ACDM cosmology as described in Section 1. We then compared the
power spectrum with the Hawking relic to the power spectrum generated by CLASS for the
base ACDM cosmology.
Figure 7 shows the effects of different Hawking relics on the linear matter power spec-
7. Each relic begins to suppress the power spectrum at k& ~ 1072 Mpc~! and reaches
maximal suppression near its free-streaming scale at kg ~ 1 Mpc~!. The magnitude of sup-
pression is greater for heavier relics because they constitute a larger fraction of the dark
matter density, and it is shifted towards smaller scales (larger k) as their mean velocities are
smaller. The size of the suppression is approximately —10 i, where fy is the relic’s fraction
of the matter density. The right panel of Figure 7 shows how the suppression varies with
the black-hole formation mass Mgy ;: it is larger for lighter primordial black holes because
the number density of Hawking relics is larger, and shifts towards smaller scales (larger k)
because their momenta are smaller (see Section 4.3). All of the Hawking relics in Figure 7
are allowed by current observational constraints and could be detected by measuring the
matter power spectrum at k > 107! Mpc~! to within a few per cent, which is potentially
achievable by current spectroscopic galaxy surveys like SDSS [46], DESI [47], HETDEX [48],
or PFS [49], though the signal requires careful theoretical modeling.

trum

5.3 Comparison to Light Thermal Relics

Suppression of the matter power spectrum is not unique to Hawking relics: a light but
massive thermal relic (LIMR [26]) would produce a similar—though not identical—effect.
To investigate the differences between these scenarios, we compare each Hawking relic to an
“equivalent” thermal fermion whose impact on the power spectrum is as close as possible to
the Hawking relic. Specifically, we consider a non-interacting fermion with two spin degrees
of freedom and distribution function

1

fth(p) = ep/Tth(t) T 1 (510)

This distribution function generically describes a fermion that was initially in thermal equi-
librium with the Standard Model and decoupled while relativistic, in which case its dis-
tribution function retains the form Eq. (5.10) even as it redshifts and eventually becomes

"We only show results for linear theory, as relics of different masses can change the nonlinear predictions
due to their clustering [27, 91].
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Figure 7. Suppressive effects of scalar Hawking relics on the linear matter power spectrum P(k)
compared to the base ACDM (i.e., no relic) prediction. Left: We show different Hawking particle
masses my in blue lines, keeping the black-hole formation mass fixed at 10%2g. Gray lines show
the closest equivalent thermal relic for each case, which agree at asymptotically large and small &
but deviate in the intermediate regime. The wiggles at k ~ 0.1 Mpc~! reflect shifts in the BAO
peaks [92]. Right: As in the left plot, but varying the black-hole formation mass Mgy, while
keeping my = 2.5keV fixed. These parameters were chosen such that the deepest suppression is at
the boundary of the allowed region of the constraints in Section 5.4. The fact that the 8 keV Hawking
particle in the left panel (with Mpy,; = 10®g) has a similar effect to the 2.5keV Hawking particle
in the right panel (with Mpy,; = 10! g) is no accident; as shown in Section 5.3, the ratio Mé{fi/mH
governs the suppression in the power spectrum. 7

non-relativistic. If the fermion decoupled after electron-positron annihilation, its present-day
temperature would simply be the photon temperature of T, ~ 2.7K, since both the fermion
and photon temperatures redshift as 7" oc a~ . However, if it decoupled prior to ete™ anni-
hilation, photons would have received the additional electron entropy but not the fermion,
resulting in the photons being hotter than the fermion at the present day. As is well known,
the Standard Model neutrinos decoupled just prior to eTe™ annihilation, so their tempera-
ture today is lower than photons, T, &~ (4/11)'/3T,, ~ 1.9 K. If the fermion decoupled even
earlier, it would have an even lower temperature, down to a minimum possible tempera-
ture of around 0.91 K if it decoupled before top quarks became non-relativistic (assuming no
additonal entropy transfers from heavy new physics, e.g. supersymmetric particles) [26].

Our thermal fermion is completely described by its mass mgy and its present-day tem-
perature Ti,. In order to make its effects on structure formation as close to the Hawking
relic as possible, we choose these parameters so that its energy density and mean velocity
match the Hawking relic at the present day, as in [24]. To do this, we first relate its number
density and mean particle momentum to Ty, by

g 2 3¢(3) o
= = d = 11
Mh =503 | dpp fon(p) = =5 Ty (5.11)
1 g [~ 3 7t
— J_ d =——T, 5.12
(Ptn) w2t J, PP fin(p) T80C(3) [ (5.12)

from which we calculate its energy density and mean velocity via pg, = mgpng, and (vg,) =
(pen) /men because it is nonrelativistic at the present day. Equating these to the Hawking
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M\ /2
S P N

g my
Scalar 0 1 1.8 x 1073 0.92
Weyl fermion | 1/2 | 2 1.2 x 1073 0.94
Dirac fermion | 1/2 | 4 1.4 x 1073 1.1
Massive vector’ 1 3 7.9 x 107* 0.84

Table 2. Temperature Ty, and mass my, of the equivalent thermal fermion for different types of
Hawking relic with gy degrees of freedom. 7 is related to the primordial black hole formation mass
Mg, by Eq. (3.10), and for Mpn; < 10° g it equals unity, so in this regime all Hawking relics have a

universal equivalent temperature today, independent of my and Mgy ;. "Here we assume Stueckelberg
mass.

relic using Eq. (5.1) and (5.6), we find that the equivalent thermal relic temperature is

1.0, spin 0,
Ty = 0.92K gi/* n x { 0.86, spin 1/2, (5.13)
0.69, spin 1,
and the corresponding thermal relic mass is
1/2 1.0, spin 0,
me = 1.8 x 1072 g1/ * my ( ) x < 0.57, spin 1/2, (5.14)
Mpu,; :
0.34, spin 1.

Table 2 shows the parameters of the equivalent thermal fermions corresponding to dif-
ferent types of Hawking particles. Note that the equivalent fermion is much lighter than
the Hawking relic itself, by around three orders of magnitude for Mgn; ~ 1g, and up to
seven orders of magnitude for Mgy ; ~ 108 g. This is because thermal relics generically have
much higher number densities than Hawking relics (see Section 4.3), so their masses must
be smaller to match the energy density of Hawking relics. Thus, Hawking relics can be much
heavier than thermal relics while having similar cosmological effects. Furthermore, the tem-
perature Tip, of the equivalent fermion is independent of the Hawking relic mass and depends
on Mgn,; only through 7, which is effectively constant for Mpn,; S 10° g. This temperature
amounts to a concrete prediction: for a given species of Hawking relic (defined by its spin
and degrees of freedom), there is a single preferred temperature independent of its mass
my and the primordial black hole formation mass Mgy, over a wide range of parameter
space. Interestingly, owing to the non-thermal origin of Hawking relics, in some cases this
preferred temperature is below 0.91 K, the lowest value predicted for a thermal fermion. If
the signature of a thermal fermion is detected at one of these preferred temperatures, further
investigation is warranted to determine whether it has a Hawking-evaporation origin.

Returning to the cosmological effects of Hawking relics, we show in Figure 7 the sup-
pression in the matter power spectrum of the equivalent fermion alongside each Hawking
relic. The two relics affect the power spectrum in broadly similar ways. For example, an
8keV scalar Hawking relic with Mpp; = 102 g has a similar effect to its equivalent 1.4eV
thermal fermion with temperature 0.92 K, both resulting in around 11% suppression in the
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Figure 8. Left: Present-day velocity distributions of warm Hawking relics compared to a thermal
Weyl fermion, all with the same total energy density and mean particle velocity. The scalar Hawking
relic has mass my = 1.6 MeV with Mgy ,; = 5.6 x 10% g, the fermion my = 10keV with Mpy,; = 10% g,
and the massive vector my = 9.0MeV with Mgp,; = 3.5 x 107 g. The thermal fermion has mass
myn = 1.21eV and temperature Ty, = 0.94K, as determined from Table 2. Right: Percentage
change in the matter power spectrum P(k) for each Hawking relic compared to the thermal fermion.
Hawking relics produce larger suppression than the thermal fermion at & = 0.04 Mpc™!, with the
greatest difference at k ~ 0.2Mpc ™!, though the difference between the Hawking and thermal relics is
< 1% (whereas the difference to ACDM with no relic is ~ 7%). The scalar is the most distinguishable
from the thermal fermion due to its wider velocity distribution.

linear power spectrum at large k. However, their effects are not identical: the 8 keV Hawking
relic produces approximately 1% more suppression at observable scales (k = 107! Mpcfl)
relative to its equivalent thermal fermion. The subtle differences between the two types of
relics, which makes them potentially distinguishable by high precision measurements, arise
from their different velocity distributions. As we show in Figure 8 (left panel), the velocity
distributions of warm Hawking relics are much wider compared to thermal fermions due to
the combined effects of the black-hole temperature increasing and the universe expanding
during evaporation. Of the three types of Hawking relics shown in Figure 8, scalars have the
widest velocity distributions and are thus the most distinguishable from thermal relics.

While it is possible to identify a Hawking relic in the matter power spectrum, measuring
its properties will be more difficult. Figure 8 shows that the signatures of a Weyl fermion
and a massive vector are nearly identical, making the prospect of distinguishing the two cases
extremely challenging. Moreover, the mass of a Hawking relic cannot always be identified
from the power spectrum due to a degeneracy with the black-hole formation mass. The
velocity of a non-relativistic Hawking relic is proportional to nMé{f ;/mu by Eq. (4.7), while
its energy density is proportional to n3my /Mé{f ; by Eq. (5.6). Therefore, two Hawking par-
ticles have identical energy density per unit velocity if myg /Mé%2 ; is held constant, provided
Mgn; < 105g (so that n = 1), and this means that their effects on the power spectrum are

~

identical. We show this in Figure 9.
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Figure 9. Same as Figure 7, but for scalar Hawking relics with mass my produced from primordial
black holes with formation mass Mgy ;, such that the ratio mH/Mé{{Qi is held constant. For Mpy; <

~

10°g, in which case n = 1, two Hawking particles with the same my /Mééf , have identical energy
density per unit velocity, and this means that their effects on the power spectrum are identical.

5.4 New Constraints on Hawking Relics

Since the effect of a Hawking relic on the power spectrum is well approximated by an equiv-
alent thermal fermion, we can translate existing constraints on thermal fermions into new
limits for Hawking relics. To calculate these constraints, for each type of Hawking particle
and for each black-hole formation mass Mgy, we calculated the temperature T, of the
equivalent thermal fermion using Table 2. We then found the maximum allowed thermal
fermion mass at this temperature allowed by the 95% confidence limit from a joint analysis
of CMB, galaxy clustering, and weak-lensing data presented in Ref. [26], and translated it
into the maximum Hawking relic mass, again using Table 2. This does not give an exact
bound because Hawking relics have slightly different effects on the power spectrum compared
to thermal relics. Nonetheless, we expect this approximation to suffice for our current data,
as Hawking relics show very similar suppression compared to equivalent thermal fermions
at very low and high k, with only a modest relative increase in suppression at intermediate
scales (see Figure 7).

Figure 10 shows our constraints on warm Hawking relics in the Mgy ;—my plane. For
Mpn; < 10°g, all Hawking relics of a given type have the same equivalent fermion tem-
perature, so the constraint is equivalent to an upper bound on their energy density and the
maximum Hawking relic mass is exactly proportional to Mé{f ; (see Eq. (5.6) with n = 1).
For Mgu; 2 10° g, the equivalent fermion temperature increases with n(Mgm,;) and this
simple scaling rule no longer holds. We rule out the possibility that a warm Hawking relic is
all the dark matter (indicated by dotted lines in Figure 10), in agreement with prior studies
[9, 12, 13, 28, 30-37]. However, there is still a significant region of allowed parameter space
for warm Hawking relics. The largest allowed particle mass in Figure 10 is ~ 50 MeV and
corresponds to a vector Hawking relic. This is seven orders of magnitude larger than the
maximum allowed mass of a thermal vector [26]. Of the three Hawking relics in Figure 10,
the maximum allowed energy density is Qh? ~ 2 x 1073 for a Weyl fermion, in which case it
would constitute ~ 2% of the dark matter. In fact, a percent-level bound on the total energy
density in the form of warm Hawking relics holds even if we allow multiple Hawking relic par-
ticles with similar masses. This is because each Hawking relic degree of freedom increases the
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Figure 10. Constraints on warm Hawking relics from primordial black-hole domination. The regions
above the solid lines are ruled out for warm Hawking relics of mass myg produced by primordial black
holes of mass Mg ;. For reference, dotted lines show where the abundance of the Hawking relic equals
all of dark matter and dashed lines show the mass below which the relic would be relativistic today.
Our bounds do not constrain ultra-heavy Hawking relics, which can be sufficiently slow to mimic the
cosmological clustering of cold dark matter. Furthermore, such relics can evade overclosure constraints
and even account for all of dark matter in the black-hole domination scenario if my > 1018 eV [36].

temperature of the equivalent thermal fermion by Eq. (5.13), reducing its maximum allowed
mass.

Figure 11 shows the region of the thermal fermion parameter space that is covered by
different Hawking relics, which is another key result of this paper. The vertical solid lines
mark the preferred temperatures that apply to all black-hole formation masses below ~ 10° g
(see Table 2). The shaded regions mark the extended parameter space for heavier black-
hole formation masses where the equivalent fermion temperature increases with n(Mpm ;).
These regions of parameter space are particularly relevant to future cosmological searches
for light thermal relics. If a thermal relic is detected in one of these regions (especially at
one of the preferred temperatures), further investigation of its momentum distribution will
be warranted to determine whether it is a thermal or a Hawking relic.

Our results in this section apply if the early universe underwent a period of black-
hole domination. This is a fairly generic consequence of ultra-light primordial black holes
unless their initial abundance § was very small (see Figure 2), and in this regime nearly
all observables are independent of 3, making it a particularly interesting case to study.
However, if the initial abundance was sufficiently small (e.g. 8 < 10719 for 10*g black
holes), black holes would never have dominated the energy density, and the constraints on
Hawking relics would depend on 8 and Mgpp,;. For example, as 8 decreases we expect
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Figure 11. Regions of thermal fermion parameter space corresponding to different Hawking relics.
The shaded gray regions are ruled out by Ref. [26]. The temperature T3, of the thermal fermion
corresponding to a given black-hole formation mass is given in Table 2. The thermal fermion can
have any mass my, below than the constraint line, which translates to a Hawking relic mass my by
Table 2. The solid vertical lines mark the preferred temperatures for each type of Hawking relic;
these temperatures are universal for Mpy,; < 10°g (i.e. the same for all Hawking relic masses mpy

~

and black-hole formation masses Mgy ;). The colored shaded regions mark the extended parameter
space for heavier black-hole formation masses; these regions are allowed within our constraints and
correspond to Hawking relics from primordial black holes with masses Mgy ; > 10° g.

heavier Hawking relics would be allowed because their energy densities would be smaller [36].
But heavier Hawking relics are colder, so their suppressive effects on structure formation
are weaker, which means that Hawking relics in the very small  regime cannot be tightly
constrained by current cosmological data. Similarly, our constraints do not apply to ultra-
massive Hawking relics that satisfy my > 1013 GeV(g /Mgn ;). These relics can avoid over-
closing the universe despite their large masses because their production is suppressed until
the end of the black-hole lifetime. They are sufficiently massive to be cold today, and so
are similarly not tightly constrained by power-spectrum measurements. Finally, here we
have focused on monochromatic primordial black hole mass distributions. For extended
mass distributions, the momentum distribution of Hawking relics is expected to be even
wider. Based on our findings in Section 5.3, this would likely increase the distinguishability
of Hawking relics from thermally-produced relics. However, properly characterizing these
differences would also require a dedicated Hawking-relic search, which is beyond the scope
of this work, as the equivalent thermal-relic scenario may not be sufficiently similar to serve
as a proxy for a much broader Hawking relic velocity distribution.

6 Summary and conclusions

Ultra-light primordial black holes (Mpn; < 108g) may have formed in the early universe.
Their abundance is only weakly constrained by observations, since their small masses would
ensure they evaporated prior to our earliest measurements. Even if the initial abundance was
fairly small, the universe would have gone through an era of black-hole domination before
they evaporated, in which case the hot plasma that seeded nucleosynthesis was reheated en-
tirely from evaporating primordial black holes. Since the Standard-Model particles emitted
by Hawking radiation would have thermalized, primordial black hole evaporation produces
almost the same outcome as standard hot-big-bang reheating (with some caveats [e.g., 5, 71]).
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In other words, primordial black holes may have formed and disappeared almost without a
trace. However, any dark-sector particles in nature would also be produced by Hawking
radiation, populating the early universe and leaving potentially observable signatures of pri-
mordial black hole evaporation.

In this paper, we investigated Hawking relics: stable, non-interacting dark-sector parti-
cles produced by evaporating primordial black holes in the early universe. Unlike thermally-
produced relics, Hawking relics are gravitational in origin, giving them a distinctive mo-
mentum distribution that uniquely influences cosmological observables. We computed the
momentum distribution of Hawking relics in the late universe, taking into account the in-
creasing black-hole temperature and the redshifting of particle momenta during evaporation,
and used this to investigate their observable effects. Our work differs from previous stud-
ies that focused on massless relics [6-9, 11-13] or massive relics that comprise all the dark
matter [9, 12, 13, 28-37] in that we considered warm Hawking relics that account for a sub-
dominant fraction of dark matter (< 2%). Our relics occupy a different region of parameter
space (i.e., smaller particle masses and larger initial primordial black holes abundances) than
hypothetical relics that could account for all the dark matter. The warm relics we considered
present a potential target for detection by current and future cosmological measurements of
matter density fluctuations.

We computed signatures of warm Hawking relics by calculating their distribution func-
tions, adding them to the standard cosmological model, and evolving the linear matter power
spectrum. We found that Hawking relics suppress the matter power spectrum for wavenum-
bers k > 1072 Mpc~!, with the amount of suppression greater for heavier relic particles and
for lighter primordial black holes. This suppression could be detected by current and fu-
ture cosmological observations, with future surveys expected to improve uncertainties in the
suppression amplitude by a factor of two [25]. We investigated whether Hawking relics can
be uniquely identified by comparing the signature of each Hawking relic to an “equivalent”
thermally-produced fermion. We found that while Hawking relics and thermal relics have
very similar effects on the matter power spectrum, they may be distinguishable due to the
broader velocity distributions of Hawking relics. However, differentiating between the two
would require highly precise measurements of the power spectrum at & > 1072 Mpc 1.

Our constraints on warm Hawking relics are summarized in Figure 10. To calculate
these constraints, we approximated each Hawking relic by an equivalent thermal fermion,
which produces similar effects on the matter power spectrum. We found that warm Hawking
relics are ruled out by current cosmological data over a broad range of parameter space
(including variations of the primordial black holes formation mass Mg ;). This includes
the scenario in which a warm Hawking relic constitutes all of dark matter, in agreement
with prior studies. However, there is still a significant region of allowed parameter space,
including relics of mass up to 50 MeV, which is seven orders of magnitude higher than the
maximum allowed mass of a corresponding thermally-produced relic [26]. We found that
warm Hawking relics can constitute approximately 2% of the dark matter. Furthermore, in
Figure 11 we identified three regions in the equivalent-relic parameter space (m¢,—71t,) where
Hawking relics are expected to appear. A prospective detection of a thermal relic in one
of these regions could indicate that it is, in fact, a Hawking relic. Such a discovery would
warrant further investigation to determine whether its momentum distribution corresponds
to a thermal or Hawking relic.

In summary, Hawking relics from primordial black holes offer the enticing possibility
of probing the earliest moments of the universe. In this paper, we modeled their evolution
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throughout cosmic history, from their initial emission as Hawking radiation to their influ-
ence on the present-day structure of the universe. While Hawking relics suppress structure
formation in a manner similar to thermally-produced relics, such as massive neutrinos, we
found that they leave distinct signatures on the matter power spectrum, allowing them to be
identified through measurements of matter density fluctuations. The discovery of a Hawking
relic would open a window to the thermal state of the universe prior to BBN, giving us our
earliest glimpse thus far into the the first moments of the universe. This would not only
be important for early-universe cosmology, but it would also open a new frontier of particle
physics beyond the Standard Model and give the first observational evidence for Hawking
radiation, black-hole evaporation, and primordial black holes.
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A Does Hawking Radiation Thermalize?

When primordial black holes evaporate at t = 7y, they emit Standard Model (SM) particles
at high energies of order E ~ Ty, whose cross sections naively scale as o ~ o2/ TéH, which
might not suffice for thermalizing the Hawking radiation in an expanding, primordial-black-
hole dominated universe. However, upon emission, Standard-Model particles can efficiently
shower massless radiation and redistribute the energy of the Hawking emission to make a
larger population of lower energy particles, which subsequently thermalizes in a Hubble time.
Here we demonstrate that the Hawking emission does indeed thermalize.

Naive Estimate

At face value, thermalization seems like a significant challenge in a primordial-black-hole
dominated universe. Upon complete evaporation, each black hole emits approximately ~ Ngm
total Standard-Model particles, where

Noy - (MA1 /MP' ATy 1 (Mp\* _ 4r (Mpn\? (A1)
241 ) Jrow TS; 487 \Tgu 3 \ Mp

where we have neglected subdominant contributions from possible other BSM species. The
number density of Standard-Model particles at the time of evaporation is

3Ngy M2 H 21
(rBH) _ 3NsmMp H (m8n) = S H(7m)* M, (A.2)

PBH
nsm(TBH) sMNnBH(TBH) M S Mo
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where we have used the Friedmann equation in black-hole domination. The naive scattering
cross section for two color charged particles radiated from the black hole is ogy ~ ag / T]%H,
where a; is the strong coupling, so the scattering rate of Hawking radiation is

327202 M3
Pl

where H = 2/(37mpn) in black-hole domination, so we can substitute for one factor of Hubble
to write the rate as

I'sm = nsmosm =

64m2a’ M}

NSV L H(rgH) = <7T2a§g*H> H(rgu) ~ O(H), (A4)

480

so the scattering rate is on the same order as the Hubble rate and it is not obvious that
thermalization occurs based on this naive argument. Furthermore, since the cross section
here did not account for efficient momentum transfer between scattering particles and we
omitted order unity factors in the denominator, it would appear that thermalization should
not happen as these effects would only suppress the rate beyond the above estimate.

Including Hadronization

A proper treatment of thermalization must account for QCD and QED showering effects
that enlarge the number of Standard-Model particles after Hawking evaporation and reduce
their energies, thereby greatly enhancing their scattering rates. Since most Standard-Model
particles are QCD charged, their dynamics will dominate the physics of thermalization and
we will neglect QED effects in this estimate. Upon emission from a primordial black hole on
a timescale of order tqcq ~ A;cld ~ 107%* s, a quark or gluon showers QCD radiation which
yields an average multiplicity of partons

Crag S
Npart = Z log? <A2 ) , (A.5)

qed

where s is the energy of the jet, Cr = 3/2 for an SU(3) gauge theory, and Agqeq = 200 MeV
is the scale of QCD confinement. In our scenario s ~ T ]_:Q,)H so we have

N, art ~ lo — | = 120 y A6
part g (6 172 1 [2 A (QlCd ( )

where, in the last step, we took ay; = 0.1 and Mgy = 10° g. To assess the impact of
hadronization, we consider two regimes below.

Fast Hadronization (g > tqcd)

In this regime, we need Mgy > 102 g so the black-hole lifetime is long compared to the
timescale of QCD hadronization, and the latter occurs within one Hubble time at the end
of black-hole domination. The key differences relative to the naive calculation above are 1)
that the number density is enhanced ngn — Nparengm and 2) that the cross section is short
range and set by the confinement scale ogy ~ 1/ Aicd instead of the black-hole temperature.
With these modifications, the scattering rate now satisfies

Npart Mpy H (181)? 2
FSM(TBH) = NpartnSMUSM = _part 2]21; ( BH) ~ 1023H <]wg> (A7)
qed BH

where we have used H(mgn) = 2/(37m) at evaporation. Clearly, after hadronization the
scattering rate is fast compared to Hubble expansion in the gy > tycq regime.
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Figure 12. The graybody factor suppresses the emission of low-energy particles, with the amount of
suppression greater for particles with higher spins. Left: Graybody factor I' relative to the geometric
optics limit go = 27(GMpgrFE)?, where I' — I'go as E — co. Right: Instantaneous emission
spectrum of Hawking radiation per degree of freedom for particles with different spins, as given by
Eq. (2.5). This plot assumes relativistic emission (i.e., m < Ty, where m is the particle mass).

Slow Hadronization (mgy < tgcd)

In the slow hadronization regime (Mg < 10%), QCD charged particles shower partons at
evaporation and this process continues even after evaporation when the universe becomes
radiation dominated, so we evaluate the rate at the hadronization time instead of the evapo-
ration time. As in the fast hadronization regime above, here we have the same expected value
of Npart after hadronization completes, but the Standard-Model scattering rate will be para-
metrically different as the number density of Standard-Model particles will be additionally
redshifted by Hubble expansion, where

a(T 3 T 3/2
nsM (tqed) = nsm(7BH) [agtij” = %HQ(TBH)MBH (tiﬁ) , (A.8)

and we have used the fact that a  ¢'/2 in radiation domination after evaporation. The extra
redshift factor introduces an additional suppression relative to fast hadronization regime
studied above, where

3/2
(TBH)3/2 _ (10240 Aged MgH) " 2 x 1076 (MBH)9/2 (A.9)
tch g*,HMél g ’

which does not compensate for the large scattering rate relative to Hubble in Eq. A.7 for any
viable choice of My > 10 g compatible with black-hole domination in a causal sub-Horizon
formation mechanism. Note also that 7y (10g) ~ 10723 s, which is numerically similar to
Lged ~ 1072% 5. We thus conclude that Hawking radiation thermalizes in a Hubble time for
the full range of masses compatible with an epoch of black-hole domination.

B Graybody Factors and Instantaneous Emission Spectrum

The graybody factor I';(E, Mpg) accounts for dynamical interactions between the black hole
and the field of particles emitted by Hawking radiation. As a result of these interactions,
the black hole will absorb waves for some angular modes and energies, and amplify them
for others. The energy dependence of the graybody factor captures the difference between
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Figure 13. Universal spacetime evolution in black-hole domination. Left: evolution of the compo-
nent energy densities relative to a matter-dominated (MD) universe. Right: evolution of the scale
factor relative to a matter-dominated universe, normalized so that they are equal at early times.

emission from Hawking radiation and a black body. It can be calculated using perturbation
theory on a dynamical black-hole background [93, 94]. At high particle energies (E > Tpn),
the graybody factor approaches the geometrical-optics limit T'; — T'co = 27(GMpuFE)?,
whereas for low energies it approaches a spin-dependent limit [77, 84]. Figure 12 shows the
graybody factors for particles of different spins, and the resulting emission spectrum from
Hawking radiation. The graybody factor significantly suppresses the emission of low-energy
particles relative to the geometric optics limit, with the amount of suppression greater for
particles with higher spins. Throughout this paper, we use the graybody factors tabulated
by Ref. [78].

C Spacetime Evolution in Black-Hole Domination

After primordial black holes form, the universe evolves according to the fluid equations in
Eq. (3.2), with black holes losing mass according to Eq. (2.14). If we begin our evolution at
a time ¢ long after black-hole domination begins, but long before Hawking radiation becomes
significant, we can take the initial conditions to be

3 /2)\?
o) = oo ()« ot =0. (1)
The value of the initial time ¢ does not matter as long as these conditions are satisfied; we
use t = 107° 1py.

The fluid equations can be written in a universal form, independent of the black-hole
mass Mpn,; and emission rate x, by defining

, H=muyH , p=Grigp, (C.2)

where 7y is defined in Eq. (2.12). In terms of these quantities, the fluid equations do
not explicitly depend on Mpn; or . It is also useful to define the normalized scale factor
a = a/arm, where a(t) is the scale factor with the normalization a(tg) = 1 today and where
agu = a(7n) is the scale factor at reheating (the instant of black-hole evaporation), which

— 30 —



is calculated in Section 3.3. Then a(f) is a universal function for black-hole domination,
obtained by solving

da -
= = H(Da(D). (C.3)

Figure 13 shows the evolution of the energy densities and the scale factor in black-hole

domination. For most of the lifetime of the black holes, the total energy density piot and scale
factor a remain close to those of a matter-dominated universe. However, near the end of the
lifetime, these quantities deviate from the matter-dominated universe as Hawking radiation
converts black-hole rest mass into relativistic energy, slowing the expansion of the universe.
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