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Quantum backreaction effects may quench Hawking evaporation through a “memory burden,” allowing
primordial black holes (PBHs) with formation masses well below 103 g to survive to the present and
contribute to the dark matter. We show that ultrahigh-energy cosmic rays (UHECRs) provide a powerful
and previously unexplored probe of this scenario. We compute the proton and neutron emission from
memory-burdened PBHs, including the Galactic-halo contribution and the extragalactic proton component,
and confront it with the Pierre Auger Observatory proton spectrum and its EeV neutron limits from the
Galactic plane. This yields new constraints on the PBH dark-matter fraction as a function of the PBH
formation mass and the evaporation-suppression parameter k. For k = 3 the nonobservation of ultrahigh-
energy protons leads to bounds competitive with those from UHE gamma rays, while neutron limits remain
comparable to high-energy neutrino constraints. Our results highlights the key role of multimessenger
astronomy in constraining beyond-the-standard-model scenarios.
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I. INTRODUCTION

Ultrahigh-energy cosmic rays (UHECRs) are the most
energetic particles ever observed reaching energies of the
order of 10?° eV [1,2]. Despite their sources remain yet to
be discovered, UHECRs allow us to probe fundamental
physics at energies not accessible by any other experiment
on Earth [3—13]. In this article, for the first time, we explore
the constraints imposed by UHECRs on memory-burdened
primordial black holes (PBHs). PBHs represent hypotheti-
cal black holes produced by gravitational overdensities in
the early Universe [14-16], and they lately sparkled the
interest of the astroparticle community because of their
particle production due to Hawking radiation [17]. Indeed,
PBHs should be unstable and thermally emit particles
depending on their mass [18,19]. Within the conventional
scenario, only PBHs with masses above 10" g survive
longer than the current age of the Universe, thereby
remaining viable dark matter (DM) candidates.
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Nevertheless, existing observational constraints strongly
limit the possibility that PBHs constitute the entirety of the
DM abundance, confining this scenario primarily to the
asteroid-mass window 107 g < Mpgy < 10?2 g [20-23].
In contrast, lighter PBHs with Mpgy < 10'5 g, despite
having evaporated by the present epoch, can still play an
important phenomenological role, as their presence in the
early Universe may have impacted several cosmological
processes. For example, PBHs have been proposed to
influence mechanisms responsible for generating the
baryon asymmetry [24—40], act as sources of gravitational
waves [41-46], and contribute to DM production mecha-
nisms [47-67]. In this framework, Refs. [68-70] have
recently explored the backreaction of particles on the
quantum states of black holes, deducing that the evapora-
tion could be quenched when a big fraction of the initial
mass is lost by the black hole. This effect, usually referred
to as memory burden, implies that light PBHs with masses
M <105 g could still be evaporating, leading to important
phenomenological signatures [71-102]. Given that the
typical energy of the emitted particles is set by the PBH
temperature, which in turn depends inversely on its mass,
sufficiently light PBHs can radiate extremely energetic
particles. In particular, for Mpgy < 10* g, the characteristic
emission energy reaches >10'® eV. In this regime, UHECRs
provide a unique and previously unexplored avenue to probe
memory-burdened PBHs, opening a complementary win-
dow with respect to traditional gamma-ray and neutrino
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searches. Specifically, we exploit the UHECR flux and
composition measurements [1,103-106] as well as the upper
limits on ultrahigh-energy (UHE) neutrons [107] set by the
Pierre Auger Observatory in order to constrain the abun-
dance of PBHs in a range of energy not probed before. The
paper is organized as follows. In Sec. II we detail the
Hawking evaporation of memory-burdened PBHs. In Sec. I1I
we describe the computation of the UHECR flux from the
galactic and extragalactic distributions of PBHs considered
as a DM component. In Sec. IV we discuss the data samples
and the statistical analysis used to derive the constraints on
parameter space of memory-burdened PBH, which are then
reported in Sec. V. Finally, in Sec. VI we draw our
conclusions.

II. EVAPORATION OF MEMORY-BURDENED
BLACK HOLES

Quantum field theory predicts that black holes are not
perfectly stable objects but instead emit particles contin-
uously. This phenomenon, known as Hawking evaporation,
produces radiation that is nearly thermal, with a character-
istic temperature set by the black hole mass,

1 10*
Ty=——— = 10° (—g) GeV, (1)
8nGMppy PBH

where G is Newton’s constant and Mpgy denotes the PBH
mass. This emission induces a gradual decrease of the PBH
mass over time. This mass depletion is governed by

dMpgn _ Ggsm 2)
dr 307202G> Mgy,

where G~ 3.8 parametrizes the gray-body corrections
arising from the scattering of particles in the curved
spacetime surrounding the black hole [108]. The factor
gsm =~ 102.6 counts the effective number of relativistic
Standard Model degrees of freedom accessible at high
Hawking temperatures [109]. Within the standard evapo-
ration picture, this process proceeds uninterrupted until the
PBH mass is entirely radiated away. Integrating the mass-
loss equation (2) yields the total lifetime of a PBH,
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Consequently, PBHs lighter than approximately 10'° g
are expected to have completely evaporated by the present
epoch.

In the memory-burden scenario, instead, the evaporation
process separates into two distinct regimes. At early times,
the PBH evolves as in the conventional Hawking picture,
with its mass decreasing according to the standard evapo-
ration law given by Eq. (2). This semiclassical regime
persists until quantum information stored on the horizon

becomes dynamically relevant. In the limit of an abrupt
onset of the memory effects, this change of behavior takes
place at

ty = tppu(l - ). (4)

by which point the PBH retains only a fraction g of its
original mass,

Mglllsjﬂ = qMppy. (5)

Beyond 7, the rate of mass loss is suppressed relative to the
Hawking prediction as

« AMppy
dr

dMpgy _

S(M -
dr (Mpgn)

(6)
where k > 0 controls the strength of the suppression
which depends on the black hole’s entropy defined by
the Bekenstein-Hawking formula S(Mpgy) = 47GM3gy.
Integrating the modified evolution equation yields the
PBH mass as a function of time during the memory-
dominated regime,

MR, (1) = MIBL 1 =T (¢ = 1,)]7% (7)
PBH PBH PBH q ’

where the effective decay rate is equal to

(k) GISM s Mp \3+2
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with Mp = 1/v/8xG denoting the reduced Planck mass.

The suppression of evaporation substantially prolongs
the PBH lifetime. The total evaporation time is therefore
dominated by the memory-burdened phase and can be
approximated as

e (M) 9)

This extended lifetime may exceed the standard Hawking
evaporation time by many orders of magnitude, opening the
possibility that PBHs with much smaller initial masses
survive until today. Such long-lived remnants could thus
constitute a non-negligible component of the present-day
DM abundance.

Throughout this work we adopt a reference value
g = 1/2, motivated by the expectation that quantum
memory effects become dynamically important once a
black hole has radiated away roughly half of its initial
mass. The exact numerical choice of g does not affect the
qualitative behavior of the evaporation process, but instead
determines how the derived bounds map onto the PBH mass
at formation. Moreover, for the sake of simplicity, we model
the onset of the memory-dominated regime as occurring
instantaneously, treating the crossover from semiclassical

k k
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evaporation to the suppressed phase as instantaneous. While
this approximation captures the essential phenomenology
relevant for our purposes, recent works [92,93] indicate that
a smooth or delayed transition may occur, thus modifying
the PBH mass evolution over cosmological timescales.
Importantly, the observational constraints considered in this
study are mainly driven by present-day CR emission from
the galactic halo. As a result, our bounds are largely
insensitive to the detailed early-time behavior of the
evaporation process. The limits presented here can therefore
be straightforwardly reinterpreted within alternative frame-
works featuring non-instantaneous suppression, provided
the corresponding modification to the late-time evaporation
rate is specified. A systematic treatment of such extended
scenarios is left for future investigation.

III. THE COSMIC-RAY FLUX FROM
PRIMORDIAL BLACK HOLES

We here detail the computation of the CR flux emitted by
a population of memory-burdened PBHs, which accounts
for a fraction fpgy = Qppy/2pym of the total DM density of
the Universe. We assume a monochromatic PBH mass
spectrum within the range 107" g < Mpgy < 107 g.

In the presence of memory effects, the Hawking emis-
sion is globally attenuated according to Eq. (6). As a result,
the primary emission rate of particles of species i from a
nonrotating, neutral PBH of mass Mpgy is expected to be

d2 Nmb
dEdt

d2N;,
dEdt’

= S(Mppy)~* (10)

where the quantity,

&N, g Fi(E.Mpgy)
dEdI o 2w eE/TH _ (_1)2s,- ’

(11)

is the semiclassical emission rate with g; and s; denoting the
internal degrees of freedom and the spin of the particles,
respectively, and F;(E, Mpgy) being the gray-body factor.
The suppression factor of S(Mpgy)~* affects the normali-
zation of the spectrum without altering its characteristic
energy scale: the maximum of the distribution continues to
track the Hawking temperature, as in the standard semi-
classical description. The primary emission from PBHs
covers all elementary particles with masses below the
Hawking temperature and, for light PBHs, it includes
the entire Standard Model particle content.' Hadrons such

'PBHs emit particles and antiparticles with equal probability.
All spectra shown for species such as protons, neutrons, and
neutrinos include the sum of particle and antiparticle contribu-
tions. The neutrino spectrum is computed following the Appen-
dix in Ref. [94] in order to avoid double counting of the primary
emission.
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FIG. 1. Proton/neutron (solid lines), gamma-ray (dashed lines)
and neutrino (dotted lines) energy spectra from PBH evaporation,
shown as functions of x = E/Ty. The proton, neutron, and
neutrino spectra include the sum of particle and antiparticle
contributions. Results are displayed for two benchmark PBH

masses: Mpgy = 107 g (blue curves) and Mpgy = 10* g (orange
curves).

as protons and neutrons are then produced by the evolution
and hadronization of the primary particles. Hence, the
secondary spectrum of protons and neutrons can be com-
puted through the convolution of the primary spectra with
the fragmentation functions [110].

In this analysis, we use the publicly available codes
BlackHawk [18,19] and HDMSpectra [110] which provides
tables for the primary emission spectra of PBHs and the
fragmentation functions, respectively. The latter, how-
ever, only provides the fragmentation functions of the
particle i into protons, D;_,. We therefore compute
the spectrum of neutrons by assuming an approximate
isopsin invariance between the up and down quarks,
which implies D;_,, ~D,_, [111]. We also emphasize
that the relative abundances of the emitted species from
the PBH evaporation only scale with their internal
degrees of freedom [see Eq. (11)]. In Fig. 1, we show
the proton and neutron spectra from the evaporation of a
single PBH, compared to the corresponding gamma-ray
and neutrino spectra, as functions of the dimensionless
variable x = E/Ty, for representative benchmark values
of Mpgy. In general, all spectra peak at energies E ~ Ty.
Gamma-rays and neutrinos display fluxes larger by a
factor of a few with respect to protons and neutrons, as
they are produced both as primary particles and as
secondary products of hadronization processes.

In order to evaluate the CR flux from the whole
population of PBHs, we take into account both the galactic
and extragalactic contributions. The angle-averaged galac-
tic contribution from a region in the sky AQ can be
calculated as

043034-3



AMBROSONE, CHIANESE, and EVOLI

PHYS. REV. D 114, 043034 (2026)

CPr _ feen ENER
dEAQ  4zME0, dEd:

J(E,AQ), (12)

where the quantity,

dQ [+
T(E.Q) = / = / dsppgu(r)e=/Ex®), (13
AQ 0

is the J-factor which depends on the PBH density
distribution within the Galaxy, ppgy(r), and takes into
account the CR attenuation through the exponential factor.
Following Refs. [71,72], we consider the Navarro-Frank-
White profile [112] for the PBH galactic distribution,
namely,

- Ps
r/rs(L+r/ry)?*

where r, = 25 kpc and p; = 0.23 GeVem™ [113], and
r= (s> 4+ R% —2sRgy cosbcos)!/? is the radial distance
from the galactic center with Ry ~8.178 kpc being the
Sun distance from the galactic center [114]. In Eq. (12),
the quantity Lcg represents the decay length for cosmic
rays, which is infinity for protons being stable particles,
while for neutrons it is L, (E) ~ 8.5(E/EeV) kpc [107]. In
the energy range relevant for this work, Galactic proton
energy losses can be neglected because their interaction
length is longer than typical galactic distances, in agree-
ment with Ref. [7].

Figure 2 reports the angle-integrated J-factor as a
function of energy for the neutrons propagating in the
galactic plane (0° </ < 360° and —1.7° < b < 1.7°) and
for the protons emitted from the full galactic volume.
Neutrons exhibit an energy-increasing J-factor because of
their decay, reaching about 4% of the total galactic plane
contribution at E = 10% GeV. In comparison, the galactic

peau(7) (14)
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FIG. 2. The angle-integrated J-factor as a function of the energy
for the neutrons from the galactic plane (blue line), defined as the
region 0° < < 360° and —1.7° < b < 1.7° in galactic coordi-
nates, and for the protons from the full sky (dashed red line).

plane accounts for ~3.7% of the total J-factor of the Galaxy.
However, due to the different sky coverage AQ, the angle-
averaged J-factor of the galactic plane results to be slightly
larger than that of the full sky, the latter being equal to
2.2 x 10> GeVem™, in agreement with Refs. [71,72].
This is crucial because the neutron and proton data samples
provide the integrated and the differential fluxes, respec-
tively, implying a similar constraining power.

We account for the extragalactic protons, by solving their
Boltzmann equation with the generation energy technique
as explained in Refs. [115,116],

1
dzd’f:ga _ QpmperSpau [ dz
dEJQ daMBb.  Jo  H(2)

1 dE, d*Nmb
L) s
E=E,(E.z)

8 (1 + 2 dE dEdt

where H(z) = Hy\/Q,,(1 +2)° + Q,, with Q,, = 0.31,
Q) =0.69, Hy = 67.74 kms~! Mpc~! being the ACDM
cosmological parameters reported by the Planck Collab-
oration and p,, = 4.8 x 107% GeV cm™ being the critical
density of the Universe [117]. The expression is usually
referred to as universal spectrum, where E (E, z) denotes
exactly the generation energy, that is the energy that a
proton must have at redshift z in order to be observed with
energy E today (z =0) [115].

This quantity consistently encodes all relevant energy-loss
processes during propagation, including adiabatic losses
from cosmic expansion and interactions with background
photons, namely electron-positron pair and photopion pro-
ductions. These interactions are computed considering only
the cosmic microwave background (CMB) radiation, since
the impact of the extragalactic background light (EBL) is
negligible [116]. We implement pair-production and photo-
pion losses following Refs. [118,119], respectively.

The upper integration limit z,, corresponds to the
maximal source redshift, which is set to z,,,x = 5, though
we have verified that the contribution from higher values is
negligible. We further assume that fppy is constant over
cosmological timescales, thus fixing it to the same value as
for the galactic component.

We neglect the direct extragalactic neutron component at
Earth, since neutrons emitted by PBHs decay over dis-
tances much shorter than cosmological ones. For instance,
at 10! eV the neutron decay length is only ~8.5 Mpc.
Nevertheless, since neutron beta decay produces protons,
we account for this contribution in the instantaneous-decay
approximation by assuming that the proton injection term
in Eq. (15) is twice the direct proton injection from PBHs.

In Fig. 3, we compare the all-particle [1] and the
proton [104,105] fluxes measured by the Pierre Auger
Observatory with the corresponding spectra predicted from
PBHs in case of some benchmark scenarios. The values of
Jfpeu are fixed to the 95% CL upper limits derived from the

043034-4



EXPLORING MEMORY-BURDENED PRIMORDIAL BLACK HOLES ...

PHYS. REV. D 114, 043034 (2026)

10° — T T 10° — T T
= Protons (total) = Mppny = 1x10*g fppy = 4.8 x 10 = Protons (total) = Mppy = 1x10°g fppy = 1.5x 101!
—-= Protons (egal) == Mppn = 4x10*g  fppu = 7.0x10°% ] | —-— Protons (egal) = Mppy = 5X10°g fppy =2.6x10* ]
- = = Neutrons (gal. plane) = = = Neutrons (gal. plane)
| P | P
i 10° 1 7 10°F =50 )
' Iv:
D D
SERUL 4 B ot .
~ ~
- -
5] <]
o, o,
S0t 4 St
K K
1073 Lia i) ' sl L L R R e N
108 109 1010 101! 1012 108 109 1010 101! 1012
E [GeV] E [GoV]
FIG.3. The Auger all-particle [1] and proton [104,105] spectra compared with the proton and neutron fluxes from PBHs fixing fppy at

the 95% CL upper limit with protons. Left: memory-burden scenario with k = 2, for Mpgy = 10* g and Mpgy = 4 x 10* g. Right:
memory-burden scenario with k = 3, for Mpgy = 100 g and Mpy = 500 g.

proton analysis discussed in the next sections. The solid
and dot-dashed lines correspond to the total (galactic and
extragalactic) and the extragalactic proton fluxes, respec-
tively. Furthermore, the dashed lines show the angle-
averaged neutron fluxes emitted by the memory-burdened
PBHs from the galactic plane. Interestingly, we find that its
magnitude at high energies, where the neutron decays are
negligible, is the same as that of the diffuse proton flux,
despite the smaller J-factor as shown in Fig. 2.

IV. STATISTICAL ANALYSIS

A. Neutrons

The Pierre Auger Observatory has reported strong limits
on the UHE neutrons from the galactic plane [107]
(defined as the region with 0° </ < 360° and —1.7° <
b < 1.7°) with an integrated upper limit above 1 EeV of
®, = 0.077 km~2 yr~! at 95% confidence level (CL). This
indirectly constrains the neutrons emitted by memory-
burdened PBHs according to the relation,

a2 ¢gal
dE / dQ
[ EeV AQ dEdQ

Here, the angular integral is evaluated over the galactic
plane and the J-factor is given by the solid blue line
in Fig. 2.

(16)

B. Protons

The measured UHECR flux extends from ~7 x 10!7 eV
up to ~1.5 x 10%° [1]. The mass composition suggests a
light mass composition up to ~10' eV, with a trend of a
heavier composition required to fit the data at higher
energies [103-105]. In this work, to derive conservative
proton-based constraints on PBHs, we adopt the proton

spectrum  [pp" " (E)] inferred from the spectrum and
composition measurements by Auger using the Sibyll 2.3d
interaction model [105]. At energies above 5 x 10'8 eV,
where Auger reports only upper limits on the proton
fraction, we impose that the proton spectrum does not

exceed 10% of the all-particle spectrum [gbﬁluﬁflrﬁde(E)].

This choice is consistent with the proton fraction inferred in
Refs. [104,105] and with the composition analysis [106].
Therefore, we define the chi-square difference as

i Y
Ay (fenrs Oppu) = Z ’ . (17)
i |0 wi < d;
where the data d; represent the inferred best-fit flux,

d.:{ DUET(E)  E <5% 10 eV
o

18
E, >5x108 eV (18)

while o; are the uncertainties on the measured flux,

which is conservatively set equal to 0.1 ¢$;‘§:rrﬁde(E) for
E>5x10"% eV,
d2 ¢gal d2 ¢egal
.6 E E), (19
i fopas: Oppn) = dEdQ( )+dEdQ( ). (19)

which is a function of the PBH abundance fpgy and

5PBH = (Mpgy, k). The angle-averaged galactic proton
flux is computed over the entire solid angle, i.e. considering
the J-factor given by the dashed red line in Fig. 2. Thus,
for each combination of Mpgy and k, we determine
the maximum allowed value for fpgy following the
Wilks’ theorem under the assumption of a single degree
of freedom [120].
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V. RESULTS AND DISCUSSION

Figure 4 reports the constraints on fpgy in terms of
Mppy, for the memory-burden scenarios with k = 2 (left
plot), kK = 3 (center plot) and k = 4 (right plot). The results
are also compared with the UHE gamma-rays and high-
energy neutrino constraints obtained in Refs. [71,72],
respectively. These works adopt the same DM halo and
likelihood analysis allowing a direct comparison between
constraints with different messengers. However, for other
constraints see Refs. [73,74,82,90,94].

The hatched region denotes the parameter space in which
PBHs fully evaporate over cosmological timescales, fol-
lowing the convention of Ref. [74]. However, since the
constraints derived in this work are based on present-day
UHECR observations, they apply only to PBHs that survive
until today. Therefore, the hatched region is not probed by
our analysis, although it may still be relevant for cosmo-
logical populations of PBHs that evaporated before the
present epoch, as emphasized in Ref. [97].

Interestingly, for k = 2 neutrons impose stronger con-
straints than protons, despite probing only a limited region
of the Galaxy. For this value of k&, UHE gamma rays
provide the strongest constraints on the PBH abundance as
shown in Refs. [71,74].

By contrast, for k = 3 and k = 4 protons provide tighter
constraints—by ~1-2 orders of magnitude—compared to
neutrons. The origin of this difference lies in the energy
dependence of the CR flux from PBHs: for k =2 the
emission peaks at 10°-10'° GeV, where the measured

proton flux is relatively high, leading to weaker proton
constraints. Conversely, for k > 3 the PBH-induced flux is
concentrated at higher energies, where the absence of
observed protons severely restricts the allowed PBH
emission. This is clearly shown in Fig. 3.

Interestingly, within this range of &, the bounds derived
from protons are comparable in strength to those obtained
from UHE gamma rays in Ref. [71]. This result is non-
trivial, given that gamma-ray fluxes are expected to be
systematically larger than the proton ones, as discussed in
Sec. III. The origin of this behavior lies in the dependence
on k: for larger values of this parameter, the relevant PBH
mass window shifts towards lower masses, corresponding
to higher particle emission energies. As a consequence,
differential flux limits derived from the nonobservation of
ultrahigh-energy protons become increasingly competitive
with the integral constraints obtained from gamma rays.
Furthermore, as illustrated in the central panel of Fig. 4,
proton limits degrade more rapidly with increasing initial
PBH mass. This is expected, since larger PBH masses
correspond to spectra that peak at lower energies, where the
sensitivity of proton measurements becomes progressively
weaker. In fact, smaller values of £ would produce proton
and neutron spectra peaking at lower energies, thereby
leading to weaker CR constraints. In this regime, other
messengers such as gamma-rays and neutrinos provide
significantly stronger limits [71-74,82,90,94].

Figure 5 shows the limit on Mpgy as a function of %,
assuming fpgy = 1. The hatched region reports the region
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FIG. 4. Constraints at 95% CL on the fraction fppy as a function of the PBH mass at formation, in case of two scenarios for the
memory-burden effect with k = 2 (left panel), k = 3 (middle panel) and k = 4 (right panel). The solid blue and dashed red lines
represent the bounds derived in the present work from UHE neutrons and protons, respectively. The dot-dashed orange and long-dashed
green lines corresponds to the previous upper limits placed by UHE gamma-rays [71] and neutrinos [72], respectively (see also
Refs. [73,74,82,90,94]). hatched region indicates PBHs that have fully evaporated over cosmological times.
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(dot-dashed orange line) [71] and neutrinos (long-dashed green line) [72] (see also Refs. [73,74,82,90,94]). The white area represents
the parameter space where memory-burdened PBHs can account for the total DM component of the Universe (fppy = 1), whereas the
hatched region indicates PBHs that have fully evaporated over cosmological times. Right: ratio of the limits on Mpgy placed by the
different data samples over the global bound in order to highlight the most constraining measurement.

where PBHs have fully evaporated over cosmological
timescales, while the white portion above the constraints
highlights the region where PBHs can fully constitute DM.
The lines correspond to the obtained limits, demonstrating
that for £ > 3, CRs provide constraints slightly stronger
than UHE gamma-rays, complementing their information
regarding PBH constraints. For k£ < 1.4, instead, UHECRs
are not sensitive to the emission from memory-burdened
PBHs, which appears at lower energies (see Fig. 3).

VI. CONCLUSIONS

In this paper, we have explored the emission of
UHECRs from memory-burdened PBHs. Indeed, the
evaporation process induces a copious production of
quarks which subsequently hadronize emitting protons
and neutrons. Using the publicly available BlackHawk and
HDMSpectra codes, we have modeled the secondary proton
and neutron emissions from a population of PBHs within
the Milky Way, evaluating constraints on the PBH
parameter space using limits imposed by the nonobserva-
tions of neutrons and protons at the highest energies by the
Pierre Auger Observatory.

Despite implementing conservative statistical analyses,
we have demonstrated that constraints with protons, for
k Z 3 and Mppy < 500 g, are as tight as than previous ones
obtained with UHE gamma-rays, despite those are not only
emitted as secondary particles during hadronization but
also as primary ones.

By contrast, limits obtained from neutrons are generally
weaker than those derived from gamma rays, as they similarly
rely on integral flux limits and associated with an overall

lower flux. Nonetheless, neutron bounds remain competitive,
reaching sensitivities comparable to those obtained with high-
energy neutrinos [72]. Future extension of this analysis might
include studying the possibility of mergers of light memory-
burden PBHs, which might lead to a new phase of evapo-
ration, emitting high-energy particles [82,94]. Moreover,
future analyses could significantly improve these constraints
by exploiting data by AugerPrime [121]—the upgrade of the
Pierre Auger Experiment—as well as by implementing
dedicated spatial-template analyses, potentially leading to
much tighter bounds.
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