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As space expands, the energy density in black holes increases relative to that of radiation, providing us
with motivation to consider scenarios in which the early Universe contained a significant abundance of
such objects. In this study, we revisit the constraints on primordial black holes derived from measurements
of the light element abundances. Black holes and their Hawking evaporation products can impact the era of
big bang nucleosynthesis by altering the rate of expansion at the time of neutron-proton freeze-out, as well
as by radiating mesons which can convert protons into neutrons and vice versa. Such black holes can thus
enhance the primordial neutron-to-proton ratio, and increase the amount of helium that is ultimately
produced. Additionally, the products of Hawking evaporation can break up helium nuclei, which both
reduces the helium abundance and increases the abundance of primordial deuterium. Building upon
previous work, we make use of modern deuterium and helium measurements to derive stringent constraints
on black holes which evaporate in fey,, ~ 107! to ~10"3 s (corresponding to M ~ 6 x 10% to ~2 x 1013 g,
assuming Standard Model particle content). We also consider how physics beyond the Standard Model
could impact these constraints. Due to the gravitational nature of Hawking evaporation, the rate at which a
black hole evaporates, and the types of particles that are produced through this process, depend on the
complete particle spectrum. Within this context, we discuss scenarios which feature a large number of
decoupled degrees of freedom ( i.e., large hidden sectors), as well as models of TeV-scale supersymmetry.
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I. INTRODUCTION

Although our Universe is approximately homogeneous
on the scales probed by the cosmic microwave background
(CMB) and large scale structure, it is possible that large
inhomogeneities could exist on smaller scales. If the
amplitude of such inhomogeneities is sufficiently large,
these density perturbations could have lead to the formation
of primordial black holes in the early Universe [1,2].
Alternatively, significant abundances of black holes could
have been formed as a result of phase transitions prior to
big bang nucleosynthesis (BBN) [3-5].

Although the mass of the black holes that may have
formed in the early Universe is model dependent, we might
reasonably expect this mass to be comparable to the total
energy enclosed within the horizon at the time of their
formation. In a radiation dominated era, this mass is given
by [3,6-23]:

M2 10! GeV\2 /106.75) !/2
My = ME g0 g Ge 06.75\ !/
2H T 9.(T)

where Mp, = 1.22 x 10" GeV is the Planck mass, H is the
Hubble rate, T is the temperature of radiation, and g, (T) is
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effective number of relativistic degrees of freedom. This
provides us with motivation to consider a wide range of
masses, extending from very small black holes (which
evaporate well before the onset of BBN), to black holes
with masses as large as M ~ 10> My, which may have
formed shortly before the BBN era.

If there existed even a very small abundance of black
holes in the early Universe, they would make up an
increasingly large fraction of the total energy density as
the Universe expands, with the ratio pgy/prg growing
proportionally to the scale factor during the era of radiation
domination (see, for example, Refs. [24-26]). If the black
holes are very massive and long lived, they could make up
all or some of the dark matter in the Universe today (see, for
example, Refs. [27,28]). Alternatively, there may have been
an era prior to BBN in which much smaller black holes
dominated the total energy density, up to the point of their
evaporation and the subsequent reheating of the radiation
bath through Hawking radiation.

Once black holes have formed, they lose mass through
the process of Hawking evaporation. For the case of a
Schwarzschild black hole of mass M, the rate for this
process is given by [29]:
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where G~ 3.8 is the appropriate graybody factor and the
temperature of a black hole is related to its mass as follows:

1010g
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The quantity g, y(Tgy) counts the number of particle
degrees of freedom with masses below ~Tgy, weighted
by factors of approximately 1.82, 1.0, 0.41 or 0.05 for
particles of spin 0, 1/2, 1 or 2, respectively [30,31]. For
Tgy > 100 GeV (Mg < 10'! g), the particle content of
the Standard Model corresponds to g, y =~ 108. For Kerr
black holes (i.e., black holes with appreciable angular
momentum), the values of g, ; are somewhat higher, and
favor the radiation of high-spin particles [32—-34]. In this
study, we will limit ourselves to the case of nonrotating
(i.e., Schwarzschild) black holes.

As a black hole loses mass, it emits Hawking radiation at
a greater rate, causing it to evaporate over the following
timescale:
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where M; is the initial mass of the black hole and
(gon)™" = (3/M3) [\ dMM? /g, ;y(Tgy) is the value of
J..y appropriately averaged over the course of the black
hole’s evaporation. For black holes with evaporation
times between fey,, ~ 107" s and ~10" s (corresponding
to M~6x10% g to ~2x 10" g, assuming Standard
Model particle content), measurements of the light element
abundances typically provide us with the most stringent
constraints on their abundance. For longer evaporation
times, measurements of the CMB are generally more
restrictive. For a review of constraints on primordial black
holes, see Ref. [35].

In this study, we revisit the constraints on primordial
black holes that can be derived from measurements of the
primordial light element abundances. In particular, we use
modern measurements of primordial hydrogen, deuterium
and helium to derive upper limits on the initial abundances
of M ~108-10" g black holes. For black holes heavier
than ~10'° g, the strongest constraints result from the
photodissociation or hadrodissociation of helium nuclei
and the corresponding production of antideuterons. Lighter
black holes are constrained by their impact on the Hubble

rate, which can alter the time at which the weak interactions
effectively freeze-out, as well as the Hawking radiation of
hadrons and mesons, each of which can alter the neutron-
to-proton ratio and enhance the resulting helium abun-
dance. We also consider how these constraints can change
in the presence of particle content beyond the Standard
Model. The existence of additional particle species can
increase the rate at which black holes evaporate, typically
weakening the resulting constraints. Furthermore, in sce-
narios that feature large numbers of decoupled degrees of
freedom, the fraction of a black hole’s mass that goes into
particles that can break up helium can be significantly
reduced. If stable, such Hawking evaporation products can
act as dark radiation or dark matter.

II. MEASUREMENTS OF THE PRIMORDIAL
LIGHT ELEMENT ABUNDANCES

In this study, we make use of two sets of measurements
of the primordial light element abundances:

(1) We use the deuterium-to-hydrogen measurement of
(D/H), = (2.53 £0.04) x 107, based on the ob-
servation of four damped Lyman-alpha systems [36]
(see also, Refs. [37,38]). Note that the uncertainties
quoted for this result are significantly smaller than
those associated with previous measurements,
allowing us to place constraints that are significantly
more stringent than those presented in Refs. [39,40].

(2) For the helium mass fraction, we adopt Y,=
p(*He)/p, = 0.2449 + 0.0040, based on the mea-
surements of recombination lines emitted from 45
extragalactic HII regions [41], as statistically ana-
lyzed in Ref. [42]. While other recent determinations
are not in total agreement (including ¥, = 0.2446 +
0.0029 [43] and Y, = 0.2551 4 0.0022 [41]), the
measurement adopted in this study is consistent
with (and has slightly larger error bars than) that
recommended in the particle data group’s BBN
review [44].

Note that these measurements of (D/H),, and Y, are the
same as those employed in Ref. [45], making it possible for
us to more straightforwardly utilize their results. For two
additional reasons, we do not explicitly make use of *He
measurements in this study. First, measurements of pri-
mordial *He are complicated by the fact that stellar
nucleosynthesis models for *He are in conflict with
observations [46]. In light of this, it may be unwise to
treat *He as a reliable probe of the early Universe [44].
Second, in light of recent improvements in the precision of
primordial deuterium measurements, the constraints one
might derive from *He are most stringent only in small
corners of parameter space (for example, in a scenario in
which black holes evaporate ~10°—10% s after the big bang
to a large number of electromagnetically charged degrees of
freedom, beyond those of the standard model). On similar
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grounds [44], we do not make use of primordial lithium
measurements in our analysis.

III. THE IMPACT OF EVAPORATING BLACK
HOLES ON BIG BANG NUCLEOSYNTHESIS

A great deal of effort has been invested in developing
sophisticated codes which can make detailed and accurate
predictions for the primordial element abundances. These
predictions have been found to be in excellent agreement
with the measured abundances of primordial D, *He and
“He, demonstrating that our Universe was radiation domi-
nated and generally well described by the standard ACDM
cosmological model during the era of primordial nucleo-
synthesis [47—52].1 These measurements can be used to
place stringent constraints on the expansion history of the
Universe as early as a few seconds after the big bang, as
well as on any energy injection that may have occurred
during or after this era [39,45,54-61].

The evaporation of primordial black holes could poten-
tially impact the resulting light element abundances in a
number of different ways. In this discussion, we will focus
on the following four mechanisms, each of which can play
a significant role:

(1) At a temperature near ~1 MeV, the rate of weak
interactions (which can convert neutrons into pro-
tons and vice versa) falls below the rate of Hubble
expansion, freezing-in the value of the neutron-to-
proton ratio. The presence of black holes and their
evaporation products can increase the expansion rate
during this era, causing these interactions to freeze-
out earlier, enhancing the neutron-to-proton ratio
during BBN, and increasing the amount of helium
that is ultimately produced.

(2) Hadrons and mesons radiated from black holes can
alter the neutron-to-proton ratio after the weak
interactions have frozen out through processes such
as n+at < p+a° and p+ 72 < n+ % This
can enhance the neutron-to-proton ratio during BBN
and increase the resulting helium abundance.

(3) Energetic photons from black holes can break up
helium nuclei through photodissociation, reducing
the resulting helium abundance and (more impor-
tantly) increasing the abundance of primordial deu-
terium. This process is effective, however, only if the
temperature of the background radiation is too
low to absorb the dissociating photons through
ete™ pair production, T <m?2/22Ey, ~0.4 keV
(where Ey. ~28.3 MeV is the nuclear binding
energy of helium) [62].

'"The measured lithium abundance is somewhat higher than
predicted by standard BBN models [53]. At this time, it is not
clear whether this is a consequence of new physics, or the result
of challenges associated with accurately measuring the primor-
dial abundance of this nuclear species.

(4) At earlier times (7 Z 0.4 keV), energetic photons
are typically absorbed before they can break up any
helium nuclei. During this era, helium nuclei are
most efficiently broken up by the energetic
mesons that are radiated from black holes (i.e.,
hadrodissociation).

These and other processes have been modeled in detail
by a number of modern BBN codes [63-68], and the impact
of evaporating black holes on these processes has been
studied in the past [39,40,69]. In particular, Carr et al.
(2010) [35,39] used primordial measurements of Y, D/H,
He/D and °Li/’Li to constrain the abundance of primor-
dial black holes with evaporation times in the range of
levap ™~ 1—103 s. Although that study considered a wide
range of hadronic and electromagnetic interactions, sig-
nificant progress has been made in the past decade in
improving these measurements, as well as in refining the
codes that calculate the resulting light element abundances.
Furthermore, these previous studies did not consider how
the existence of particle content beyond the Standard
Model could potentially alter these constraints.

In this study, we revisit the impact of evaporating black
holes on the formation of primordial nuclei, making use of
the recent study by Kawasaki et al. (2018), who have used a
sophisticated code to study the effects of long-lived
particles on BBN [45).% In many respects, evaporating
black holes alter the predicted light element abundances in
ways that are similar to decaying particles. That being said,
decaying particles and evaporating black holes typically
produce particles in different ratios (i.e., branching frac-
tions), with a different distribution of energies, and with a
different time profile. In what follows, we will describe our
procedure for adapting constraints on long-lived decaying
particles to the case of evaporating black holes.

In Kawasaki et al. [45], the authors present their results
in terms of the decaying particle mass multiplied by the
number of such particles per unit entropy, MY, as evaluated
at t < 7y. In contrast, Carr et al. [35,39] present their
constraints on evaporating black holes in terms of the
quantity ', which is closely related to § = pgy/p evaluated
at the time of black hole formation, #;,,,. Through the
following, f# can be directly related to the quantity con-
strained in Ref. [45], MY:

P (frorm) _ Mngy (torm)

Pltrom) 2 Gu (Tiorm) T/ 30
4 M (ngy\ 4 MY
_3Tfm< s )  3Ttom

p

(5)

where Ty, is the temperature at the time of formation for a
black hole of mass M. Carr et al. further introduced the

*For earlier work studying the impact of long-lived decaying
particles on BBN, see Refs. [59,70-82].
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quantity y, which is the mass of the black hole divided by
the mass enclosed within the horizon [see Eq. (1)] at the
time of formation. This allows us to write the formation
temperature as gy = (457°M$, /1673 g, (Tsorm)M?) /4,
and to express f as follows:

4 (1639, (Too )M\ 1/
ﬂ _ = 6r 9x (2 folgl‘l) MY.
3 45y" M},

(6)

For convenience, Carr ef al. introduces the quantity /5,
which is # multiplied by the following powers of y and g, :

302
= (10675\ 84 (16202 x 106,75\ 14
3 45M8,

(7)

This expression directly relates the ways in which Carr
et al. and Kawasaki et al. characterize the magnitude of
energy injection, allowing us to convert between these
quantities. To put this in terms that the reader may find
more intuitive, we can also relate ' to Qgy, which we
define as the value of pgy /o that would be the case today
if the black holes had not evaporated:

Q M 05
f ~22x 10720 x (‘13“) (1010g> . (8)

Alternatively, we can write ' in terms of the ratio of
densities in black holes and matter (at 7 << foyqp):

M >0.5 PBH

100g)  py

p ~7.0x 10721 x < 9)

[ eyap

While the branching fractions for the decays of a generic
long-lived particle are entirely model dependent, Hawking
evaporation produces various particle species with a cal-
culable ratio, proportional to g, z [as introduced in Eq. (2)].
In contrast to decaying particles, Hawking evaporation is a
purely gravitational phenomenon, and thus does not depend
on the charges or interactions of the particles being
radiated. For the case of Standard Model particle content,
and for black holes in the mass range under consideration in
this study, approximately 73% of the total energy radiated
from a black hole is in the form of quarks and gluons (and
94.5% of the energy goes into particles other than neu-
trinos). When translating limits for decaying particles, we
thus reduce the total decay rate by these factors (depending
on whether we are in the hadrodissociation or photo-
dissociation limit, respectively).

A second way in which evaporating black holes impact
BBN differently from long-lived particles follows from the
fact that the temperature of a black hole (and thus the
average energy of the injected particles) increases as a black
hole loses mass. For example, when a particle decays into a

pair of quarks, X — ¢g, those quarks each have an energy of
E, = myx/2. Hawking radiation, in contrast, produces an
approximately thermal spectrum of particles, with a temper-
ature that steadily increases as the black hole radiates.’
Averaged over the course of a black hole’s evaporation,
the mean energy of a radiated quark (or other fermion) is
given by:

i, 3:15Teu(M) 4 (M)dM

(E,) =
a ,3,i j—;} (M)dM

= 6.3T,, (10)

where M, (T;) is the initial mass (temperature) of the black
hole, dN/dM « Tg}; is the number of particles radiated per
unit mass loss, and we have made use of the fact that the
average energy of a relativistic fermion in a thermal dis-
tribution is approximately 3.15 times the temperature of that
distribution. Based on this result, we approximate the
spectrum of the emission from an evaporating black hole
with that from the (two-body) decays of a particle with a mass
equal to my ~ 12.6T;. In the left frame of Fig. 1, we plot the
spectrum of Hawking radiation injected from a black hole
with an initial mass of M; = 10'° g, both at that moment and
as integrated over the course of its evaporation.

The prescription described in the previous paragraph is
appropriate for cases in which the destruction of helium nuclei
is dominated by photodissociation (the total quantity of
injected electromagnetic energy sets the rate of photodisso-
ciation). During the hadrodissociation era (7 2 0.4 keV),
however, the number of helium nuclei that are broken up
instead scales with the number of energetic hadrons that are
injected into the early Universe. The average number of
hadrons that are produced in the jet from a given quark is
roughly proportional to £23, and thus the average number of
hadrons produced per unit energy is approximately propor-
tional to E;m [45]. Due to this scaling, as a black hole loses
mass and radiates increasingly high-energy particles, a smaller
fraction of the radiated energy takes the form of hadrons. Over
the course of a black hole’s evaporation, the average hadron is
produced by a quark of energy (E,) ~3.7T,. Thus in the
hadrodissociation era, the spectrum of the emission from an
evaporating black hole can be approximately related to that
from a (two-body) decaying particle with a mass of
my =~ 7.4T ;. This is illustrated by the fact that purple dashed
curve in the left frame of Fig. 1 peaks at a lower energy than the
solid black curve, by a factor of 7.4/12.6 ~ 0.6.

A third way in which long-lived particles behave differ-
ently from evaporating black holes is in the rates at which
they inject energetic particles into the early Universe.
Unlike a population of decaying particles, the evaporation

3Throughout this study, we adopt a thermal (Fermi-Dirac or
Bose-Einstein) distribution for the spectral shape of the products
of Hawking evaporation. Although this is not precisely true
[30,31,83], it is an adequate approximation for the purposes of
this study.
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Left frame: the spectrum of particles radiated from a black hole with an initial mass of 10'® grams. We show the initial

spectrum (when M = 10'° g), the spectrum integrated over the lifetime of the black hole, and the integrated spectrum weighted by an
additional factor of E~07 (as appropriate for considering the production of hadrons). Right frame: the time profile for energy injection
from particle decay or black hole evaporation, for the case of a lifetime or evaporation time of 10° seconds. In the case of black hole
evaporation, we show profiles corresponding to the total injected energy and to the number of injected hadrons.

rate of a black hole increases as it loses mass. In the right
frame of Fig. 1, we compare the time profiles for these
emission mechanisms. Well before the particle’s lifetime or
black hole’s evaporation time, the shape of these time
profiles are nearly identical. During the final stages of
evaporation and decay, however, they are quite different. In
the photodissociation regime, in our translation of the
constraints on decaying particles to the case of evaporating
black holes, we shift the decaying particle’s lifetime by a
factor of 0.79 in order to match the time at which the mean
unit of energy was injected into the early Universe. In the
hadrodissociation era, we instead adjust the lifetime such

T
i\ my = 1000 TeV
10—19 '\\.\
‘.\ oo -—= my=100 TeV
20 N } -== my =10 TeV
10 R | e my=1TeV
. S my=0.1TeV
10 \ — Black Holes
\m' 10—22
10—23
10724
10—25
1072 10° 102 104 106 108 1010

tevap(s)

that the median hadron is injected at the same time. For
decaying particles, this occurs at a time, fy.q =
In2 x 7y = 0.697y, while for an evaporating black hole,
Imed = 0.711cyqp. This case, therefore, requires only a small
correction factor to translate between the two timescales.
In Fig. 2, we plot the constraints on long-lived particles
from Ref. [45], for the case of X — ¢g, for several values of
my. These constraints are shown in terms of the quantities
used by Kawasaki et al. (right frame), as well as those used
by Carr et al. (left frame). Also shown as a solid black curve
in each frame is our constraint on evaporating black holes,
based on an interpolation between the long-lived particle

-7
10 my = 1000 TeV
10-8 —= my =100 TeV
- my =10 TeV
10-9 ——= Mmy=1TeV
my,=0.1TeV
% 10-10 - Black Holes
e
>~ -11
10
=
10—12
10713 =
10—14
1072 10° 102 104 106 108 1010

tevap(s)

FIG. 2. Constraints on long-lived particles from Ref. [45], for the case of X — gg, for several values of my. These constraints are
presented both in terms of MY, as used by Kawasaki er al., (right frame) and in terms of /#/, as used by Carr et al. (left frame). The solid
black curve in each frame is our constraint on evaporating black holes, based on an interpolation between the long-lived particle
constraints, following the relationship between my and T'; as described in the text. In this figure, we have assumed that the black holes

evaporate only into Standard Model particles.
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FIG. 3. Constraints on primordial black holes, assuming that they evaporate entirely into Standard Model particles. Again, we have

presented these constraints both in terms of MY, as used by Kawasaki er al., (right frame) and in terms of ', as used by Carr ef al.
(left frame). For rapidly evaporating black holes (f.y,, < 80 s), the constraints are dominated by the measured primordial helium fraction,
Y, while for longer evaporation times the primordial deuterium abundance provides the most stringent constraint. In each frame, we also
plot contours of constant Qgyy, defined as the value of pgy/pei that would be the case today if the black holes had not evaporated. The

green regions in the upper-right regions of each frame are excluded by measurements of the CMB (via spectral distortions) from [90].

constraints, following the relationship between my and T;
as described in the paragraphs above.

The procedure described in this section relies on the
validity of two underlying assumptions. First, we have
assumed that the overall shape of the spectrum of particles
injected into the early Universe does not strongly impact
the resulting constraints, so long as the average energy
is the same. Second, we have assumed that the time profile
of the particle injection does not strongly impact the results,
so long as the average particle is injected at the same time.
We acknowledge that these assumptions are not strictly
true, and that these considerations could introduce a
systematic error into the constraints that are presented
here. In terms of the shape of the spectrum, considering the
total integrated emission from a black hole (see Fig. 1),
approximately 32% of the injected energy is in the form of
particles that lie within only a factor of 2 in energy.
Similarly, approximately 78% of the injected energy is
in particles that lie within an order of magnitude in energy.
Combining this with the information shown in Fig. 2, we
conclude that this could potentially introduce an error in
our constraint that is as large as ~30% for 7.y, 2 107 s, and
up to a factor of ~2 for shorter-lived black holes. On similar
grounds, the more gradual time profile associated with the
energy injection from the late stages of long-lived particle
decay (see Fig. 1) could potentially impact our constraints.
For most values of 7., this effect is quite small. For
fevap ~ 80-200 s, however, the constraints change rapidly
with 7cy,p, allowing the resulting constraints to be impacted
more significantly, potentially shifting the constraints on
this part of parameter space by up to a factor of a few to the
right (toward larger values of feyqp).

In Fig. 3, we plot our constraints on primordial black
holes, assuming that they evaporate entirely into the
particle content of the Standard Model (in other words,
assuming that there is no particle content beyond the
Standard Model). For rapidly evaporating black holes
(fevap < 80 ), these constraints are dominated by the
measured primordial helium fraction, Y, while for longer
evaporation times the primordial deuterium abundance
provides the most stringent constraint. In each frame, we
also plot contours of constant Qgy, defined as the value of
PBH/ Perit that would be the case today if the black holes had
not evaporated. In the upper right corner of each frame, we
show constraints on evaporating black holes based on
spectral distortions of the CMB, as derived in Ref. [45]
(see also Refs. [84—89]). We note that constraints derived
from CMB spectral distortions due to evaporating primor-
dial black holes have recently been revisited in somewhat
more detail [87,90,91], resulting in somewhat weaker
bounds. Future measurements by PIXIE are expected to
improve upon these constraints by a factor of ~103 or more
[90,92]. Primordial black holes with somewhat higher
masses, which evaporate slightly after the formation of
the CMB, may also be constrained by considering their
effects on the CMB power spectrum and the optical depth
to reionization [88,93]. Also note that for the sake of
simplicity, we have presented our results in terms of a
single initial black hole mass, M;. More realistically, one
would expect any black holes produced in the early
Universe to take on a range of masses.

In Fig. 4, we compare the constraints derived in this
study to those presented in Refs. [39,40]. For black holes
lighter than ~3 x 10'' g, our constraints are consistently
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FIG. 4. The constraints derived in this study, assuming that the
black holes evaporate entirely into Standard Model particles
(solid black), compared to those presented in Refs. [39,40] (other
line types). Whereas our constraints have been derived entirely
from measurements of the primordial helium mass fraction and
deuterium-to-hydrogen ratio, the authors of Refs. [39,40] also
utilized measurements of primordial lithium and helium-3.

between one and two orders of magnitude more stringent
than those presented in earlier work. For heavier black
holes, our constraints are more stringent than those pre-
viously derived from measurements of primordial He, but
by a more modest factor of ~3. We remind the reader that
we have not made use of He (or °Li/’Li) measurements in
this study, as stellar nucleosynthesis models for *He are in
substantial conflict with observations [44,46].

IV. CONSTRAINTS ON BLACK HOLES IN
SCENARIOS BEYOND THE STANDARD MODEL

Unlike particle decays (and most other processes in
nature), Hawking evaporation is an entirely gravitational
phenomenon, and thus produces all particle species with
masses below ~Tpgy, regardless of their charges or cou-
plings. As a result, the rate at which Hawking evaporation
occurs, and the varieties of particles that are produced
through this process, depend on the complete spectrum of
particles that exist, including all such species beyond the
limits of the Standard Model (for previous literature
that has explored such possibilities, see Refs. [24-26,
34,94-100]).

The existence of physics beyond the Standard Model can
impact the constraints presented in this paper in three ways.
First, additional particle species have the effect of increas-
ing the rate at which black holes evaporate, shifting (and
typically weakening) the resulting limits. Second, any
particle species without appreciable couplings to the
Standard Model will only impact the light element abun-
dances through their influence on the expansion history of
the Universe. In scenarios that include large numbers of
decoupled degrees of freedom, the fraction of a black hole’s

mass that goes into particles that can break up helium and
produce deuterium can be significantly reduced, while
instead producing substantial abundances of dark matter
and/or dark radiation [24-26,34,95,96,98,100]. Third, the
presence of black holes and their decoupled evaporation
products can impact the expansion history of the early
Universe, altering the light element abundances that emerge
from this era without directly disrupting any nuclei. In the
remainder of this section, we will explore several classes of
scenarios beyond the Standard Model and discuss their
impact on the resulting constraints on primordial black holes.

A wide range of well-motivated scenarios have been
proposed in which the degrees of freedom associated with
the Standard Model constitute only a small fraction of the
particle spectrum of the Universe. In particular, self-
consistent string compactifications have been shown to
generically predict the existence of large numbers of feebly
interacting states, including gauge bosons, axion-like par-
ticles, and other forms of exotic matter [101-114].
Frameworks featuring extremely large numbers of massive
degrees of freedom have also been considered within the
context of possible solutions to the electroweak hierarchy
problem [115-117].

In scenarios with expansive particle content, black holes
could potentially radiate mostly or almost entirely to hidden
sector states, which could act as a combination of dark
matter and dark radiation. If feebly interacting, such
particles would not directly disrupt nuclei during or after
BBN, but could still impact the resulting light element
abundances through their impact on the Universe’s expan-
sion rate during this era.

To constrain a black hole population that evaporates
dominantly to hidden sector particles, we calculate the
combined energy density of the black holes and their
evaporation products as a function of redshift, and then use
the publicly available program AlterBBN [63,64] to
calculate the resulting light element abundances. In doing
so, we follow the procedure described in Ref. [118], and
use the deuterium-burning rates from Ref. [119] and other
reaction rates from Refs. [120-122]. These rates corre-
spond to systematic uncertainties of 1.9% on (D/H), and
0.13% on Y,, approximately independent of the time
evolution of the energy injection [118].

To calculate the evolution of the energy densities in black
holes and their evaporation products, we solve the follow-
ing system of differential equations:

dpen aMm 1
— 3pguH avl
ar PBHIT + PBH M
dp M (1= f
dStM = —3(wsm + 1)psmH — pen E<Mid)’
dp aM f
d—td = =3(wy+ 1)p,H _pBHEMd’ (11)

where pgy, pPsums Pa are the energy densities in black holes,
Standard Model fields and dark matter plus dark radiation,
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respectively, H> = 872G (ppy + psm + pa)/3 is the rate of
Hubble expansion, and dM/dt is the black hole evapora-
tion rate [see Eq. (2)]. The quantities wgy; and w, represent
the equation of state of the Standard Model and hidden
sector particles, with values of 0 and 1/3 corresponding to
pure matter and radiation, respectively. Lastly, f, is the
fraction of Hawking radiation that proceeds to hidden
sector particles, following from the Standard Model and
hidden sector contributions to g, . The temperature
dependence of wgy, is directly related to the values of g,
and g, ¢ (for more details, see Refs. [26,123]).

A. Light hidden sectors

We begin by considering a class of scenarios in which
the black holes evaporate almost entirely to light, hidden
sector states (corresponding to w; = 1/3 and f; ~ 1, which
implies g, > 10%). By “light” in this context, we mean
particles which act as radiation at least up to the point of
matter-radiation equality. For the products of Hawking
evaporation, this will be the case for any particles lighter
than m < 5.5 MeV x (M/10% g)'/? [26]. In Fig. 5, we plot
the evolution of the energy densities in black holes,
Standard Model radiation, matter (including both baryonic
and dark matter), and dark radiation, for the case of 7.,,, =
10 s and an initial black hole abundance corresponding to
Qpy = 2.6 x 10* (defined as the value that would be the
case today if the black holes had not evaporated). To relate
the value of Qgyy to that of § or MY, see Eqgs. (7) and (8). In
this scenario, the black hole population evaporates almost

10t

10°

1071

1072

Pi
Prot

1073

1074

1075

10—6 '. ya
10?2 10° 1072 1074 10-° 108 10710
T (GeV)

FIG. 5. The evolution of the energy densities in black holes,
Standard Model radiation, matter (including both baryonic and
dark matter) and dark radiation in a scenario in which the black
holes evaporate almost entirely to dark radiation (corresponding
to w; = 1/3 and f,; ~ 1). We have adopted an evaporation time
of #.y4p = 10 s and an initial black hole abundance corresponding
to Qpy = 2.6 x 10 (defined as the value that would be the case
today if the black holes had not evaporated). In this scenario, the
final (7 > f.,,p) energy density of dark radiation corresponds to
AN eff — 10

entirely into dark radiation at 7 ~ #.,,, = 10s. The ultimate
energy density of this dark radiation, which we determine
by solving Eq. (11), can be written in terms of its
contribution to the effective number of neutrino species,
AN (as evaluated at 1 >> foyyp):

PDR 8 (11\%/3
ANy =—|N,+=|— , 12
eff R [ v+7<4> ( )

where N, =3.046, ppr is the energy density of dark
radiation, and pgr is the energy density in photons and
neutrinos. In the scenario shown in Fig. 5, the energy
density of dark radiation corresponds to a value of
AN =1.0. In more generality, the contribution to
AN from black hole evaporation (in the w; = 1/3 and
fa =1 limit) is given by:

QBH tevap 172
ANy ~ 1.0
eff & 11 (2.6 X 1o4> <10 s

* (9*(;(;@)) (gd(l](")evap)>4/3’ (13)

where g, (Teyap) and g, s(Teyyp) are the effective numbers
of relativistic degrees of freedom and relativistic degrees of
freedom in entropy, respectively, each evaluated at the
temperature at Zey,p-

An observant reader may notice a small bumplike feature
in the dark radiation curve near T ~ 10~ GeV in Fig. 5.
This feature is due to an entropy dump that occurs among
the Standard Model particles in the thermal bath. Whereas
the dark radiation energy density simply evolves with four
powers of the scale factor, ppgr « a™*, the Standard Model
“radiation” includes particles with non-negligible mass,
and thus the energy density of this component evolves as

pr xa g,/ gi( 53 , where g, is effective number of relativ-
istic degrees of freedom and g, g is the effective number of
relativistic degrees of freedom in entropy. As the temper-
ature decreases, g,/ gi{ s3 increases, reducing the ratio of
dark radiation to Standard Model radiation (for a more
detailed discussion, see Sec. III of Ref. [26]).

In this class of scenarios, the black holes and their dark
radiation evaporation products impact the light element
abundances almost entirely through their influence on the
expansion history of the early Universe. In Fig. 6, we
illustrate the impact of such black holes on the primordial
helium and deuterium abundances, as a function of the final
(2 >> feyqp) energy density in dark radiation, written in terms
of AN4. The resulting light element abundances are a
function of z.,,,,, and those cases with 7.,,, < 1 s asymptote
to the case of a constant ANy, while longer lifetimes
impact the expansion history primarily at somewhat later
times. For relatively short-lived black holes (Z¢y,p < 10 s),
the measured helium and deuterium abundances rule out
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FIG. 6. The impact on the primordial helium (left) and deuterium (right) abundances of black holes that evaporate overwhelmingly to
dark radiation (f; = 1, w, =~ 1/3). These results are given in terms of the final (¢ > f,,,,) energy density of dark radiation, in terms of
AN . The gray bands represent the measured values (at 2¢), while the blue band in the right frame denotes the systematic uncertainty
associated with the nuclear reaction rates (as described in Sec. IV). Note that this systematic uncertainty applies to all of the curves
shown in the right frame (but for clarity is plotted only for the #.,,, = 1 s case). For relatively short-lived black holes (Zeyqp < 102 s), the
measured helium and deuterium abundances rule out scenarios in which this component of dark radiation contributes more than

AN 2 0.4-0.6.

scenarios in which the dark radiation contributes more than
ANy 2 0.4-0.6 (at the 95% confidence level), similar to
the constraints derived from measurements of the CMB
[124]. For longer-lived black holes, the constraints on the
resulting contribution to ANy are weaker (although the
constraints derived from the CMB are approximately
equally stringent for evaporation times up tO feya, ~
10'2 s [125]). Written in terms of f#, the measured helium
and deuterium abundances provide a constraint of g <
(0.8 —6.7) x 10719 x (g, ;;/10%)!/ across this entire
range of evaporation times considered here. Note that these
constraints are much less stringent than those presented in
Fig. 3 (for the case of Standard Model particle content).
From this comparison, we conclude that the constraints
based on dark radiation Hawking evaporation products will
be more stringent than those resulting from proton-neutron
conversion or helium disruption only if 7.y,, < 0.1 s, or if
fevap S 10? s and the particle content of the dark sector is
very large, corresponding to g, ; 2 103 or greater.

B. Heavy hidden sectors

In this subsection, we will continue to study models
which feature a large number of hidden sector states,
focusing on Hawking radiation in the form of hidden
sector particles with non-negligible masses (which thus
contribute to the Universe’s dark matter abundance). More
specifically, this subsection applies to particles with masses
greater than the initial temperature of the black holes in
question, m > TeV x (10'° g/M), ensuring that such par-
ticles are mostly produced with modest Lorentz factors.

To this end, we follow the same procedure described earlier
in this section, but introduce 7'g-dependent contributions to
g, accounting for the inability of a black hole to radiate
particles that are much more massive than its temperature.

In the high-temperature limit (7gy > m), the energy
emitted from a black hole in the form of a given particle
species is equal to the mass loss rate in Eq. (2), for the
appropriate choice of g, y (for example, g, y = 4 for a
singlet Dirac fermion). Furthermore, the average energy of
the radiated particles in this limit is equal to (E) = 3.15Tgy
for the case of a fermion, and (E) = 2.70Tgy for a boson
[123]. For lower values of Ty, the total energy and the
total number of particles radiated are each suppressed. This
suppression can be quantified by the following expressions
for the total energy, and the total number of particles,
radiated per unit time from a black hole in the form of
particles of mass, m:

o (E2 — m2)1/2
F ﬂEsz
. e™/Ten 1

0 (E2 _ m2)l/2
NO(/m WECZE, (14)

where the + in the denominators apply to the case of
fermions (+4) and bosons (—), respectively.

In practice, increasing the mass of the radiated hidden
sector particles has the effect of delaying the ability of a
given black hole to produce significant quantities of that
particle species. In Figs. 7 and 8, we plot the evolution of
the energy densities in Standard Model radiation, baryons,
black holes, and dark matter, in a scenario in which the
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The evolution of the energy densities in Standard Model radiation, baryons, black holes and dark matter in a scenario in which

the black holes evaporate with a lifetime of 10 seconds almost entirely to dark matter particles (corresponding to g, ; = 10° for
Tgy > mpy)- In each frame, the initial black hole abundance was chosen such that the Hawking radiation produces the entirety of the
measured dark matter density. This corresponds to Qg = 6.8 (upper left), 88 (upper right), 8.6 x 10* (lower left) and 8.6 x 103 (lower
right). As we have throughout this paper, we define Qpy as the value that would be the case today if the black holes had not evaporated.

black holes evaporate almost entirely to dark matter. More
specifically, we adopt a total value of g, ; = 10° in the
Tgy > mpy limit (of which all but ~108 corresponds to
Hawking radiation into dark matter particles with a
common mass of mpy). In these two figures, we adopt
fevap = 10 and 1000 seconds, respectively, and in each
frame we have selected a different value of mpy,." In each
case, we have set the initial black hole abundance such that
the Hawking radiation produces a final dark matter abun-
dance that is equal to the total measured dark matter
density. In these figures, we have plotted separately the
total energy density of dark matter, ppy;, and the number
density of these particles multiplied by their mass,
npmMpMm- This distinction can be non-negligible, as the
dark matter particles are not necessarily nonrelativistic

4Although we consider only one value of mpy at a time, one
could also consider scenarios in which there is a spectrum of
heavy hidden sector states.

when they are initially radiated from a black hole. This is
most noticeable in the case of mpy = 1 TeV, which is not
much larger than the initial temperature of the black holes
under consideration.

In Fig. 9, we show how these scenarios impact the
primordial helium and deuterium abundances, focusing on
the effects of the black holes and their evaporation products
on the expansion rate. Although we show these results in
terms of mpy, they can be directly translated into values of
the black hole abundance, ' or MY. In the f,, = 10 s
case, the expansion rate can be significantly altered during
the time of proton-neutron freeze-out, enhancing the
neutron abundance at early times and leading to constraints
based on the measured helium mass fraction, Y. For this
lifetime, the measured value of Y » allows us to constrain
B <2x1075. In the foy,, = 10° s case, the measured
deuterium abundance instead provides the most stringent
constraint, allowing us to constrain f <5 x 10716,
Additionally in this case, if the black hole abundance is
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FIG. 8. The evolution of the energy densities in Standard Model radiation, baryons, black holes, and dark matter, in a scenario in which
the black holes evaporate with a lifetime of 1000 seconds almost entirely to dark matter particles (corresponding to g, 5 = 10° for
Tgy > mpy)- In each frame, the initial black hole abundance was chosen such that the Hawking radiation produces the entirety of the
measured dark matter density. This corresponds to Qg = 3.7 (upper left), 4.0 x 107 (upper right), 4.0 x 103 (lower left) and 1.2 x 10°
(lower right). As we have throughout this paper, we define Qgy as the value that would be the case today if the black holes had not

evaporated.

large, the baryon abundance will be enhanced at early times
(as can be seen in the lower right frame of Fig. 8),
impacting the rates of fusion and potentially ruining the
successful prediction of Y ,.

When comparing these results to those presented in Fig. 3,
we reach the following conclusions. First, the black holes and
their dark matter Hawking evaporation products only observ-
ably impact the expansion history of the Universe in regions
of parameter space that are already ruled out as a conse-
quence of Hawking evaporation into Standard Model par-
ticles. It is entirely possible, however, that such black holes
could generate the entirety of the observed dark matter
abundance. For the case of 7., ~ 10 s with g, ;> 102,
this can be self-consistently attained so long as mpy S
(10° GeV) x (g,.5/10%). For g, 5 ~ 10%, we instead find
that we must require mpy < (10° GeV)/g2Y, in order to

obtain the observed dark matter abundance, where g]fl}g is the

contribution of the dark matter species to g, g.
For heavier dark matter candidates, it is not possible to
produce the total measured abundance without violating
the constraints presented in this study (unless Zeyq, < 10 3).
In the case of 7y, ~ 10° s, these requirements are more
stringent. In particular, to obtain the full measured dark
matter abundance from such black holes, we must require
mpym < (10 GeV) x (g, 1/10%) (for g, > 10%) or mpy <
(10 GeV)/¢P¥ (for g, ;s ~ 102).

Compared to dark matter candidates that are produced as
a WIMP-like thermal relic, particles generated through
Hawking radiation are much more energetic, raising the
question of whether they would behave as cold dark matter
(as opposed to warm or hot dark matter, where WIMPs are
Weakly Interacting Massive Particles) [100]. In the mpy >
T, limit, we find the average energy of a radiated dark
matter particle by integrating from the time at which
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FIG. 9. The impact on the primordial helium (left) and deuterium (right) abundances of black holes that evaporate largely to dark
matter (corresponding to g, y = 108 for Ty >> mpy). These results are given in terms of the dark matter particles’ mass nipy, and in
each case, the initial black hole abundance was chosen such that the Hawking radiation produces the entirety of the measured dark matter
density. The gray bands represent the measured values (at 2¢), while the blue band in the right frame denotes the systematic uncertainty
associated with the nuclear reaction rates (as described in Sec. IV).

Tgy ~ mpy to the end of a black hole’s evaporation,
resulting in (Epy) ~ 6mpy. By then relating (Epy) ~
3Tpm, We can estimate the approximate free-streaming
length [123]:

e dt TDM 0.3 keV
= [" " x1M o) (22 2R Y
s /o a(t) pcx( r )( mMpm )

t 0.5
~6x 107 Mpc x <ﬂ>
s

(15)
From this estimate, it follows that any stable, feebly
interacting particles heavier than 7; that are generated
via Hawking radiation will act as cold dark matter
(Ats SMpc) 50 long as ey, S3 % 10° s,

Considering next the case of mpy < T;, we estimate
Tpm ~ T;, which leads to the following:

e dt T 0.3 keV
At = / —— = 1 Mpc x <ﬂ> <7e>
o a(r) T mpm

_ T'/mDM Teva 0:3
~ 2 i p
3x10 Mpcx( 100 )(s)

(16)

Thus any stable, feebly interacting particles lighter than T';
that are generated via Hawking radiation will act as cold dark
matter (Ag < Mpc) 50 long as fey,, <107sX (mpy/ T;)>%.

To summarize the results of this subsection, for black
holes with 7., ~ 10 s, there exist a wide range of scenarios
in which the dark matter could be produced through
Hawking evaporation, especially if mpy ~ GeV-PeV (a
wider range of mpy, are also possible, but only if g, 5 is
very large). For black holes with 7., ~ 103 s, the range of
such possibilities are more restricted, but are viable if
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mpy ~ 10 GeV (or for a wider range of mpy if g, y is
very large).

C. TeV-scale supersymmetry

As another example, we will consider a scenario in
which most of the superpartners of the Standard Model (in
particular, the squarks and gluinos) are not much heavier
than the current constraints placed by the Large Hadron
Collider (LHC), mgysy ~2 TeV [126,127]. In this case,
black holes heavier than M ~ 5 x 10° g (corresponding to
Tgy ~ 2 TeV) still evaporate almost entirely into Standard
Model particles. But as the mass of a black hole falls below
this threshold, it will begin to also evaporate into the full
spectrum superpartner particles. Numerically, this has the
effect of changing g, y from Standard Model value of 108,
to approximately 316 (for the case of the minimal
Supersymmetric Standard Model.” So whereas a black
hole with a mass of M ~5x 10° g will evaporate in
fevap ~ 50 s, assuming Standard Model particle content,
this instead occurs in fe,, ~ 17 s in the presence of low-
energy supersymmetry. This has the effect of relaxing the
constraints on black holes in this mass range by a factor
of ~2-3.

Additionally, if R parity is conserved, each superpartner
radiated from a black hole will ultimately decay to a lightest
supersymmetric particle (LSP). If the LSP is relatively
heavy, such as a neutralino, it could serve as a candidate for
dark matter. On the other hand, a very light LSP (perhaps in
the form of a gravitino or axino) could act as dark radiation
in this context. If mygqp < mgygy, this will have little
impact on the resulting constraints. If the sparticle spectrum
is highly compressed (m; gp ~ mgysy), however, the major-
ity of the energy in the Hawking radiation will be in the
form of LSP dark matter, reducing the potential to break up
helium (and produce deuterium) by a factor of up to ~2-3.

The abundance of LSP dark matter that is generated
through Hawking radiation in this scenario is given by:

m
€ gp Qg X fsusy X s
mgsusy
p 1010 g\ 03 my sp
~ X X , (17
22x10720\ M Ssusy Msysy (17)

where Qgy is defined as the value of pgy/p.i: that would be
the case today if the black holes had not evaporated [see
Eq. (8)], and fgygy is the fraction of energy in Hawking
radiation that is in the form of superparticles. For
M <5 x10° g x (2 TeV/mgysy), the black hole can effi-
ciently radiate superpartners throughout its evaporation,
and this fraction is simply given by: fsusy ~ 655 ' /Gani

where ¢557Y ~ 208. For more massive black holes,

5By supersymmetrizing the Standard Model, the value of g, g
does not merely double, but is further enhanced as a result of the
lower spins of most of the sparticle degrees of freedom.

5% 10° g\ /2 TeV\ [gSUsY
fSUSY~< i >< )( : ) (18)
msusy 9x.H
For example, for mgygy =2 TeV, mygp =1 TeV and
M =5 x 10° g, the value of Q gp is equal to the measured
dark matter density for an initial black hole abundance of
f' =~ 1072, Given the more rapid rate of evaporation due to
superpartner production, such a scenario is compatible with
the measured light element abundances.

Phenomenology similar to that described in this sub-
section could also arise within the context of other weak-
scale extensions of the Standard Model, such as mirror
models or twin Higgs models. Such models are motivated
by the little hierarchy problem [128,129], and generally
include a copy of some or all of the Standard Model particle
content, with masses rescaled by the larger vacuum expect-
ation value of the mirror Higgs boson (for a review, see
Ref. [130]). In these models, the lightest mirror-charged
state is typically stable [129,131], opening up the possibil-
ity that a stable population of such particles could be
generated through the process of Hawking evaporation.

V. SUMMARY AND CONCLUSION

It is plausible that the early Universe contained a
substantial population of black holes. Any such objects
light enough to evaporate prior to the onset of BBN are
largely unconstrained by current observations. In contrast,
black holes that evaporated during or shortly after the BBN
era can be constrained by measurements of the primordial
light element abundances. In this study, we revisited the
impact of evaporating black holes on BBN, updating the
relevant measurements and expanding the discussion to
include cases in which black holes can evaporate into
particles beyond the Standard Model.

Recent improvements in the determination of the pri-
mordial deuterium abundance have made it possible to
significantly strengthen the constraints on primordial black
holes relative to those presented in previous work. Our
main results are shown in Fig. 3, where (assuming only
Standard Model particle content) we summarize our con-
straints on the initial abundance of primordial black holes
which evaporate on a timescale of 10~! to 10'3 s (corre-
sponding to a mass range of ~6 x 108 to ~2 x 10'3 grams).
For 7.y, <80 s, these constraints are largely the conse-
quence of the neutron abundance at early times, which is
sensitive to the expansion rate at the time of proton-neutron
freeze-out, as well as to the presence of energetic mesons
which can convert protons into neutrons (and vice versa).
For longer-lived black holes, the constraints are instead
dominated by the hadrodissociation and photodissociation
of helium nuclei, each of which can significantly increase
the observed abundance of primordial deuterium.

Whereas previous papers studying the impact of pri-
mordial black holes on BBN have focused on Hawking
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evaporation into Standard Model particles, we have
extended this discussion to include scenarios beyond the
Standard Model. Given the purely gravitational nature of
Hawking evaporation, black holes produce all particle
species lighter than the black hole’s temperature, regardless
of their charges or couplings. As a consequence, the rate at
which black holes evaporate and the types of particles that
are produced through this process depend on the complete
particle spectrum, including any and all such species that
might exist beyond the confines of the Standard Model.
From this perspective, it is particularly interesting to
consider scenarios that feature large numbers of feebly
coupled degrees of freedom. In exploring such hidden
sector models, we have considered constraints on light,
stable products of Hawking radiation (which act as dark
radiation), as well as massive stable particles (which act as
dark matter). For 7.,,, < 10? s, we have placed constraints
on black holes with light hidden sectors that are compa-
rably stringent to those derived from measurements of the
CMB (longer-lived black holes are more strongly restricted
by the CMB). For relatively short-lived black holes
(Tevap < 10° s), we have identified a wide range of scenarios
in which the entirety of the dark matter abundance could be
produced through Hawking evaporation, especially if
mpym ~ GeV-PeV (other values of mpy; are also possible,
but only if g, g is very large oOr foyyy < 10" s). For longer-
lived black holes, the combined constraints from the
measured deuterium abundance and large scale structure

(as related to the dark matter’s free-streaming length) are
more restrictive. We also consider evaporating black holes
within the context of TeV-scale supersymmetry, finding a
non-negligible impact on the resulting constraints, and
identifying scenarios in which Hawking evaporation could
produce an abundance of neutralinos (or other LSPs) that is
in good agreement with the measured dark matter density.

To end on a more general note, the epoch of BBN provides
us with critical information pertaining to the energy content
of the Universe at early times. Measurements of the pri-
mordial element abundances serve as a window into this
period, enabling us to test and constrain a wide range of
possible new phenomena, including that of primordial
black holes.
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