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Abstract The fate of ultralight black holes depends on whether or not evaporation
stops at or around the Planck scale. If evaporation stops, the general expectation is that
a population of Planck-scale will be left over, possibly including a significant fraction
of electrically charged relics. If evaporation does not stop, a runaway “explosion”
would occur, with significant and potentially detectable high-energy emission. Here,
I review both possibilities, with an emphasis on current status and future detection
prospects.

1 Introduction

Primordial black holes (PBHs) produced in the very early universe with mass below,
approximately, 𝑀𝑈 ≃ 5.1 × 1014 g (absent dark degrees of freedom, that could
significantly shorten the timescale for evaporation [1]) have completed evaporation.
The end products of evaporation are highly uncertain, as when 𝑀PBH → 𝑀Pl the BH
temperature 𝑇BH → 𝑀Pl and, thus, quantum gravity effects are expected to play an
important role [2]. Broadly, evaporation could in principle continue at sub-Planckian
scales (corresponding to trans-Planckian temperatures), eventually consuming the
BH, and 𝑀BH → 0, or stop around, or below the Planck scale, leaving a stable relic.
In addition, BHs can approach extremality as 𝑀PBH → 𝑀Pl, which could also result
in the end of the evaporation process [3].

In this chapter I discuss the end-point of PBH evaporation: In the following sec. 2
I review the possibility of stable Planck-scale relics, possibly, but not necessarily
constituting a fraction, or all, of the cosmological dark matter. The following sec. 3
then details how such Planck-scale relics can be directly detected with an array of
experimental facilities. I then turn, in sec. 4 to the opposite possibility of complete
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evaporation and of the direct detection of the runaway high-energy emission from
PBHs exploding today. The final sec. 5 summarizes and concludes.

2 Planck-scale relics

The notion that Planck-scale relics of PBH evaporation could be some, or all, the
cosmological dark matter (DM) has been contemplated for a long time (see e.g. [4]).
As a BH mass approaches, its mass depleted by increasingly fast Hawking evapora-
tion, the Planck scale, one out of three scenarios is conjectured to occur:

(i) a stable, Planck-scale relic is left over [4];

(ii) a naked spacetime singularity if left over [5];

(iii) evaporation continues at trans-Planckian energies and temperatures, and the
singularity vanishes [6].

Any PBH formed in the early universe with a lifetime shorter than the age of
the universe (as mentioned above corresponding to a mass at production of 𝑀𝑈) is
slated to fall into one of these three categories.

In this section, I will assume that (i) or (ii) is the case. General arguments
then indicate that Planck-scale relics can be either electromagnetically neutral, or
carry a residual electric or magnetic charge1. The experimental absence of magnetic
monopoles does not necessarily exclude the possibility of magnetically charged
Planck relics, although, admittedly, this possibility is rather exotic [7]. I will thus
entertain the possibility that a fraction 𝑓CPR of relics be electrically charged. Absent a
charge, Planck scale relic are virtually entirely undetectable. Also note that there are
general arguments [8] for why even if PBHs were produced with significant initial
spin parameter 𝑎 = 𝐽/𝑀 , with 𝐽 the PBH’s angular momentum and 𝑀 its mass,
evaporation rapidly and efficiently sheds angular momentum, leaving 𝑎 → 0 at the
end of evaporation for 𝑀 < 𝑀𝑈 .

Note that Planck relics may have a significant initial velocity, as their momentum
results from the ejection of highly energetic quanta which, around the Planck scale,
have energies on the order of the Planck scale itself. The resulting relic’s momentum
is effectively a random walk in momentum space, dominated by the emission at
the end of evaporation, when the Hawking temperature is highest. For 𝑁𝑞 terminal
emitted quanta, the momentum of the BH goes as 1/

√︁
𝑁𝑞 . Thus, at most, calling 𝑀𝑅

the relic mass, the relic’s momentum 𝑝 ≃ 𝑀𝑅 (corresponding to 𝑁𝑞 = 1) and the
energy 𝐸 =

√
2𝑀𝑅, thus the Lorentz factor of the relic at “production” is, at most,

𝛾 ≃
√

2 and the average initial velocity 𝑣̄𝑖 ≃ 1/
√

2. This corresponds to a momentum,
today, 𝑝0 = 𝑎𝑖 𝑝𝑖 , where 𝑎𝑖 is the scale factor at production. Structure formation limits

1 In principle dark sector charges are also possible.
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the cosmological dark matter velocity today to be ≲ 5 × 10−7 [9, 10, 11] (see also
[12]), which, in turn, means that any relic produced before BBN (when the scale
factor 𝑎BBN ≃ 2.5 × 10−10), as it should given the strong constraints on evaporation
after BBN, is highly non-relativisitc [12].

Whether or not Planck relics are stable against discharge is a matter of some
controversy. There are several reasons why a first-principles computation of the relic
charge on Planck relics is problematic. First, it is unclear whether one can neglect the
back-reaction of the evaporation products on the BH, and, as a consequence, whether
or not the particle emission can be considered as an “individual”, isolated event [8];
Second, the charge-to-mass ratio may get large enough that it could significantly
affect, or even stop, the evaporation rate: recall that a Planck-mass BH reaches
extremality for𝑄 ≃ 12 𝑒. Third, it is unclear how the running of the electromagnetic
coupling 𝛼EM behaves at or near the Planck scale, where several layers of new physics
possibly come into play through radiative effects.

These conceptual difficulties non-withstanding, one can proceed to an analytical
estimate of the relic charge on a Planck relic whose evaporation stops at some mass
scale 𝑀𝑅 ≃ 𝑀Pl (in what follows I always assume for definiteness 𝑀𝑅 = 𝑀Pl). Page
[13] estimated that the probability distribution for BH charges 𝑄 is approximately
Gaussian,

𝑃(𝑄) ∼ exp
(
−4𝜋𝛼(𝑄/𝑒)2

)
, (1)

with an rms value 𝑄/𝑒 = 1/
√

8𝜋𝛼 ≃ 2.34. However, if the product of the BH mass
and the emitted charged particle mass is small enough in Planck units, then the rms
value 𝑄/𝑒 increases up to approximately 6.

The more modern approach of Ref. [3] relaxes some assumption of the original
Page calculation, such as taking into account the finite value of the BH mass times
the light lepton mass, and without neglecting the BH charge in the computation of
the grey body factors. The results are qualitatively similar to the original estimate,
and the fraction of charged to neutral relics was found to be of order 1.

The fate of the charged relics depends on their cosmic history. It is easy to realize
that direct accretion of opposite-sign particles would not discharge the BH, since
the accretion cross section is approximately geometric, thus 𝜎 ∼ 𝑀2

𝑅
/𝑀4

Pl ∼ 1/𝑀2
Pl

and the accretion rate Γ ≲ 𝑛𝑒/𝑀2
Pl is always much smaller than the Hubble rate

𝐻 ∼ 𝑇2/𝑀Pl, with 𝑇 the universe’s temperature, since

Γ(𝑇)
𝐻 (𝑇) ∼ 𝑇3

𝑀2
Pl

𝑀Pl

𝑇2 ∼ 𝑇

𝑀Pl
≪ 1 for 𝑇 ≪ 𝑀Pl. (2)

Much more likely is the possibility that charged, Planck-scale relics (CPR) form
bound states with opposite-sign cosmic rays. In this case, however, reionization
proceeds significantly quicker [14] than for visible-sector particles [3], and thus,
today, CPRs are not expected to exist in neutral bound states.
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3 Direct detection of Charged Planck-scale relics

CPRs are extremely heavy, resulting in a small direct detection event rate 𝑁 , which
for nominal values of the local DM density and velocity, and for a detector with
effective area 𝐴eff and efficiency 𝜀 reads

𝑁 ≃ 0.23 yr−1 𝑓CPR

(
𝑀𝑅

𝑀Pl

)−1 (
𝜌DM

0.3 GeV/cm3

) (
𝑣DM

300 km/s

) (
𝐴eff

1 𝑚2

)
𝜀. (3)

CPRs would behave in particle detectors similarly to very heavy ions, with kinetic
energies on the order of

𝐾 ∼ 1
2
𝑀𝑅𝑣

2
DM ≃ 6 × 1016 eV (𝑀𝑅 ≃ 𝑀Pl) (4)

This should be compared with typical atomic energy scales in the 1-103 eV: CPRs
travel through matter without significantly decreasing their kinetic energy, and es-
sentially with no deflection, as the relative momentum transfer is also negligible.

Most of the energy deposited by the passage of a CPR through matter is delivered
to nuclei and not to electrons, since 𝑚𝑒 ≪ 𝑚𝑁 and Δ𝐸 ∼ 𝑚𝑣2

DM. Nuclear scattering
of course will also produce ionization and scintillation, albeit with target-dependent
quenching factors [15, 16]. Interestingly, Ref. [17] finds that the signals expected
for instance in liguid Argon, ionization and scintillation, by CPRs would enable
the discrimination between those tracks and those expected from other dark matter
candidates. In particular, the CPRs trajectories are uniquely slated to appear as
crossing the whole active medium, in every direction, producing uniform ionization
and scintillation on the whole path [17].

Several classes of detectors are suitable to search for CPRs. Bubble chambers of
superheated fluids such as PICO [18] are sensitive to the passage of a highly ionizing
massive CPR, according to the simulations in [3], leaving a signal significantly
different from that of both WIMPs and neutron bakcgrounds. Unforunately, the
event rate for the proposed 500 L version of PICO is too small to place significant
constraints on CPRs (see fig. 1.

Ref. [3] estimates that the photon yield at atmsopheric fluorescence detectors
such as HiRes [19] would produce a signal to noise too small to be detectable, even
with very favorable assumptions on the detector’s fluorescence efficiency. Similar
issues apply to circumventing trigger issues in Cherenkov detectors, given that the
CPRs are relatively slow.

Direct dark matter detectors are, on the other hand, ideally placed to detect CPRs:
the overburdain is completely irrelevant in stopping the CPRs, and some of the
largest noble gas detectors have a significant effective area and very high efficiency.
Finally, so-called paleo-detectors have such long effective exposure times that they
provide the best opportunity for the direct detection of CPRs.

Fig. 1 (reproduced, with permission, from Ref. [3]) shows projected, future con-
straints from a variety of experimental facilities. In particular, the left, grey region
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Fig. 1 Projected 99% CL upper limit on the mass and density of CPRs with experiments of several
classes. See text for details. Orange: a 10 yr exposure of XENON1T [20]. Magenta: solid: a 3 yr
exposure of ICARUS. The dashed line shows a 1 yr exposure. Green: solid: estimated limits from a
paleo-detector with E = 1 and a 1 cm2 Gyr exposure. The dashed line shows a 1 mm2 Gyr exposure.
Blue: strongest possible limits from monopole searches, including a direct search by MACRO and
a search for tracks in ancient mica [21]. Dotted gray: relic fractions produced assuming an initial
a power-law mass function with index 𝛾. Contours step from 𝛾 = −0.05 to 𝛾 = 0.05 from top to
bottom in increments of 0.02. Shaded gray: region prohibited by super-extremality for a charge of
1𝑒. Figure reproduced, with permission, from Ref. [3].

corresponds to masses for which the PBHs would be super-extremal for a charge
𝑄 = 1 𝑒, and the vertical line corresponds to 𝑀𝑅 = 𝑀Pl. Shaded regions are testable,
or ruled out, by direct dark matter search experiments such as XENON1T (orange),
and by neutrino experiments such as ICARUS (magenta). The green region corre-
sponds to constraints from paleodetectors with different effective exposures. Finally,
the blue region is constrained by monopole searches with MACRO and for tracks in
ancient mica [21].

The dashed lines reflect the possibility that the PBHs be initially distributed
according to a power-law initial mass function 𝑀 d𝑁/d𝑀 ∝ 𝑀𝛾−1. Assuming that
the entirety of the cosmological dark matter is in the form of PBHs, and that black
holes with mass 𝑀 > 𝑀𝑈 do not lose any significant amount of mass, the mass
fraction in CPRs is for 𝛾 < 0,

ΩCPR
ΩDM

≈
𝑀Pl𝑀

𝛾−1
𝑈

− 𝑀𝛾

Pl

𝑀
𝛾−1
𝑈

[𝑀Pl − (1 − 1/𝛾)𝑀𝑈] − 𝑀𝛾

Pl

. (5)
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A CPR fraction 𝑓 ∼ 1 is produced when 𝛾 ≲ −0.1, whereas e.g. 𝑓 ∼ 10−2 for
𝛾 ∼ −10−2. Fig. 1 shows contours corresponding to 𝛾 = −0.05 up to 0.05 in
increments of 0.02.

A final, interesting, labeit rather speculative, possibility is that Planck-scale relics,
whether charged or not, could merge and decay, emitting Planck-scale cosmic and
gamma rays that could be detectable, in principle, with very high-energy cosmic ray
telescopes [22]

4 Exploding Black Holes

The evaporation of light PBH in the early universe is tightly constrained if happening
after Big Bang Nucleosynthesis (BBN) [2]. The evaporation products of PBHs
evaporating prior to BBN, on the other hand, are expected to quickly thermalize,
leaving no measurable imprint, with at least three important exceptions:

1. If the PBH energy density is comparable, or larger than the energy density of the
rest of the universe, then the expansion rate is affected by evaporation, that acts
as an episode of “reheating”; constraints can thus arise if such process is close
enough to BBN;

2. PBH evaporation prior to BBN can, in principle, be responsible for the production
of dark sector species [10], including the cosmological dark matter, and even of
the baryon asymmetry (for instance via the production of right-handed heavy
neutrinos whose decay is CP violating, as in the standard leptogenesis scenario
[23], or via effective operators that are CP violating and couple to the 𝐵 − 𝐿

current, as envisioned in [24];

3. An evaporation product that is slated not to thermalize is gravitons: graviton pro-
duction would manifest itself as a stochastic background of very high-frequency
gravitational waves [25]. The frequency of the signal could be lowered in prin-
ciple by either a non-standard cosmological history in the early universe [26], or
by the existence of extra-dimensions, with an associated suppressed Planck scale
[27].

PBHs produced in the early universe may, in principle, be at the end of their
evaporation process today. Ref. [28] calculates that for an initial mass function
𝜓(𝑀) ≡ 𝑀𝑑𝑁/𝑑𝑀 , the rate of PBH evaporating today is

¤𝑛PBH ≃ 𝜌DM
𝜓𝑖 (𝑀𝑈)

3𝑡𝑈
, (6)

with 𝑡𝑈 the age of the universe. Depending on the mass function, constraints on the
PBH abundance bound this rate to be generically rather low, at most around one
event per cubic parsec per year, in the most favorable possible case of a very narrow
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Fig. 2 Maximum visible distance curves with respect to black hole mass for a number of modern
gamma-ray detectors. The black dashed lines indicate the distance, at a given mass, at which the
proper motion during an observation up to one year long may exceed 0.1, 1 and 10 degrees. Figure
reproduced, with permission, from Ref. [28].

lognormal mass function. This should be compared with the HAWC limits on the
explosion rate, which at present is ¤𝑛PBH < 3, 400 pc−3yr−1.

On the other hand, PBHs could arise in the late universe (see the discussion
in Ch. 10 of this book). If that is the case, the rate of explosions is virtually un-
constrained, and could be very large. As a result, PBHs could be associated with
astroparticle anomalies such as the Galactic center gamma-ray excess [29], or that,
as well as the AMS tentative 3He events [30, 31], and the antiproton excess [32].

PBH “explosions” (as Hawking referred to them [33]) look like “backwards”
gamma-ray bursts: the luminosity and photon energy grows in a runaway process,
which suddenly stops as evaporation completes. Ref. [28] searched for such events
both in the Fermi GRB catalogue [34] and in the Fermi Large Area Telescope
transient sources [35], in the case where evaporation may not have completed yet.
Critically, any events potentially associated with exploding PBHs would most likely
have a non-trivial proper motion in the sky, which was not observed for any of
the Fermi candidate events. As a result, there is no current evidence for any PBH
explosion, consistent with theoretical expectations.

Ref. [28]’s results, summarized in fig. 2, reproduced with permission from [28],
indicate that even the most competitive future telescope, the Cherenkov Telescope
Array (CTA) [36] would only be able to observe an exploding PBH if it were closer
than, approximately, 1 pc, under the best possible circumstances. As such, it may
be possible to actually measure time of arrival differences with satellites positioned
at macroscopic distances from one another: Observations with the Interplanetary



8 S. Profumo

Gamma-Ray Burst Timing Network2 (IPN) of GRB detectors could likely be the
most promising search technique to identify a relatively nearby GRB-like event from
a genuine, extra-galactic GRB [37]. Searches for local events are currently under
way.

Figure 2 also shows that a large proper motion (shown with black dashed lines)
is expected to occur if the evaporation is not yet in its runaway, final phase.

The observation of PBH explosions could very strongly constrain the existence of
otherwise “dark” (meaning not sharing any interaction with visible sector particles)
degrees of freedom. BH evaporation is independent of particle interactions, and
as such, as soon as a particle is kinematically accessible to BH evaporation, BHs
need evaporate into it, shortening the runaway evaporation/explosion process. High-
energy gamma-ray telescopes such as HAWC [38] and CTA [36] are ideally suited
to search for such dark degrees of freedom in the putative light curves of evaporating
PBHs [1].

A staggering possible fate of light PBH evaporation is to form “hot spots” in
the early universe that would lead to a certain, finite decay rate of metastable vacua,
including the electroweak vacuum; this could lead, in turn, and assuming the validity
of the posited temperature profile of such hot spots, to significant constraints on the
initial abundance of light PBH [39].

An additional interesting possibility is that PBH be responsible for reheating at
the end of inflation, as discussed e.g. in Ref. [40]. In this scheme, ultralight PBHs
are formed (e.g., from the inflaton field) after inflation, go on to dominate the energy
density of the Universe, and evaporate before Big Bang Nuncleosynthesis begins. In
this scenario non-gravitational couplings between the inflaton and the SM are not
required, making PBH reheating and the corresponding inflation scenarios rather
economic from a model building perspective.

5 Conclusion and Outlook

The most likely fate of light PBHs is either complete evaporation in a runaway
process, or the formation of Planck-scale relics. There exist several arguments for the
latter possibility, but the first is not excluded, as physics at the Planck scale is largely
unknown. Here, I reviewed how the existence of such light relics, or exploding PBHs,
can be tested with experiments and observations.

Unless Planck-scale relics are electrically or magnetically charged, or unless they
merge and evaporate in the late universe at appreciable rates, such particles are
virtually undetectable. The most competitive detectors, for relic charged Planck-
scale BHs, are paleo-detectors - ancient crystals whose effective exposure time is on
the order of the age of the Earth, and that can be searched for for defects created by
the passage of a highly-ionizing, massive particle. Neutrino experiments and large,
noble-gas direct dark matter detectors are also rather competitive.

2 https://heasarc.gsfc.nasa.gov/docs/heasarc/missions/ipn.html
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Exploding PBHs - either coming from an initial mass function serendipitously
peaked at the mass corresponding to a BH lifetime approximately equal to the age
of the universe today, or formed by some non-primordial mechanism at late times
- can be detected searching for what is, effectively, a “reverse gamma-ray burst”:
different telescopes, with effective areas peaking at vastly different energies, are
sensitive to different evaporation epochs; the terminal explosive, runaway phase is
most constrained by the highest-energy, largest-effective-area observatories, such as
the future CTA observatory; ongoing evaporation can be effectively searched for
with GRB telescopes, including the Fermi Large Area Telescope.

While no evidence of exploding PBHs has emerged so far, perhaps the most
promising path ahead is to use the Interplanetary Gamma-Ray Burst Timing Network,
as exploding PBHs leaving a visible imprint are slated to be much closer than,
approximately, 1 pc, as opposed to cosmologically-distant GRBs.
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