PHYSICAL REVIEW D 114, 083009 (2026)

Observing micro-black-hole dark matter

Manuel Ettengruber®"” and Florian Kiihnel®**'
"Université Paris—Saclay, CNRS, CEA, Institut de Physique Theorique,

91191, Gif-sur-Yvette, France
*Arnold Sommerfeld Center, Ludwig-Maximilians-Universitiit,
Theresienstrafle 37, 80333 Miinchen, Germany
3 Fakultdit Physik, Technische Universitdt Dortmund,
August-Schmidt-Strasse 4, 44221 Dortmund, Germany

® (Received 31 March 2026; accepted 1 September 2026; published 5 October 2026)

Primordial micro black holes can constitute dark matter if short-distance gravity is modified by extra
dimensions or a large number of species and if the memory-burden effect sufficiently suppresses Hawking
evaporation. The resulting black holes in the transition regime differ from their four-dimensional
Einsteinian counterparts through their mass—radius relation, temperature, entropy, and lifetime, which
can render even very light objects cosmologically stable. The most promising observational consequences
of such micro black hole dark matter are analyzed. Neutron star survival yields the most robust constraints,
while a narrow region of parameter space can simultaneously remain viable and address the missing-pulsar
problem in the Galactic Center. Diffuse evaporation signals in neutrino telescopes are found to be relevant
mainly in extradimensional scenarios, whereas in generic species models, visible emission is strongly
suppressed by evaporation into dark sectors. Merger-induced evaporation bursts can provide an additional
probe in extradimensional realizations if the postmerger remnant briefly returns to the semiclassical phase.
Overall, micro-black-hole dark matter remains phenomenologically viable in constrained regions, with

neutron stars, neutrino telescopes, and merger signatures providing complementary tests.
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I. INTRODUCTION

Identifying the origin of dark matter (DM) remains one
of the central open problems in fundamental physics. While
a broad range of particle and compact-object candidates
has been proposed, the lack of decisive nongravitational
evidence keeps the space of viable models wide. Primordial
black holes (PBHs) [1-3] (see Refs. [4-6] for reviews) are
among the most intriguing possibilities, since they a priori
require no extension of the Standard Model particle content
in order to account for the dark matter abundance. In their
conventional four-dimensional Einsteinian realization,
however, PBH dark matter is subject to strong observa-
tional constraints over a wide range of masses; in particular,
sufficiently light black holes are expected to evaporate on
timescales much shorter than the age of the Universe.
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A qualitatively different situation can arise if gravity is
modified at short distances. One important indication in
this direction is the species scale of gravity [7,8], according
to which the fundamental scale at which gravitational
interactions become strongly coupled is lowered in the
presence of many particle species,

M - ’
f \/N

where Mp is the Planck scale and N denotes the number of
species. This relation has far-reaching implications. It
implies that the onset of genuinely quantum-gravitational
physics can occur well below the Planck scale, even in
otherwise weakly coupled low-energy theories. The best-
known realization of this idea is the scenario of large extra
dimensions [9—-11], in which the large multiplicity of Kaluza-
Klein states lowers the fundamental gravitational scale,
potentially even to the TeV range. More general species
frameworks extend the same logic to theories with large dark
sectors or other hidden particle multiplicities [12—14].
Such theories are accompanied by a broad phenomenol-
ogy. Small neutrino masses can arise naturally in extra-
dimensional and species settings through mixing with a
large number of additional states [12,15-17]. The same
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underlying structure can lead to distinctive signatures in
neutrino oscillation experiments [16-35], and in species
theories analogous effects may also arise in other sectors
such as neutron physics [12,36]. Collider probes and
astrophysical tests have likewise been discussed exten-
sively [10,37-50]. Among all such probes, however, black
holes occupy a particularly privileged position, since they
are the most direct manifestation of strong gravitational
dynamics and their properties are sensitive to gravity in a
largely model-independent way.

In theories with a lowered fundamental scale, black holes
are expected to exhibit a transition regime between the fully
quantum domain at distances of order

1

= 2)

re

and the ordinary four-dimensional Einsteinian regime.
Denoting by R the length scale at which the transition to
standard gravity is completed, one expects [51,52]

re << r<R. (3)

In extradimensional models, R admits the geometric
interpretation of the compactification radius and is con-
strained by short-distance tests of Newtonian gravity,
currently at the level of R < 30 pm [53]. In terms of black
hole masses, the transition regime corresponds to

NM i
My <M< { VM, (species) .4
(MpR)Mp  (extradimensions)

Black holes in this range differ from their ordinary four-
dimensional counterparts in their mass-radius relation, tem-
perature, entropy, and lifetime. As a result, very light black
holes can have properties that are qualitatively different from
those of standard evaporating Schwarzschild black holes.
This possibility becomes particularly interesting in view
of recent work on the memory-burden effect [54—64]. The
core of this effect is that systems of high information
capacity undergo a universal back reaction. In this picture,
Hawking evaporation can become strongly suppressed after
the Page time, leading to a substantial enhancement of
black hole lifetimes. Since the suppression is governed by
powers of the entropy, its impact is modified precisely in
the short-distance transition regime where the entropy itself
deviates from the four-dimensional Einsteinian expression.
This interplay has recently been studied both in extra-
dimensional realizations [65] and, more generally, for
theories with modified short-distance gravity [66]. A
striking consequence is that black holes with masses far
below the ordinary Planck scale, potentially as low as
10'* GeV, can remain cosmologically stable. In the follow-
ing we refer to such objects as micro black holes, or yBHs.

If uBHs are stable on cosmological timescales and make
up the dark matter, their phenomenology differs radically
from that of conventional PBH scenarios. Their tiny masses
imply enormous number densities, so that encounters with
astrophysical objects, terrestrial detectors, and other black
holes become frequent enough to be potentially observable.
For illustration, if the dark matter consisted of black holes
with masses of order 10'* GeV, their flux through ordinary
macroscopic objects would be very large. This raises an
immediate question: is such a scenario already excluded, or
can it survive existing observational constraints while
giving rise to distinctive signals?

In this work we address this question systematically. We
study primordial micro black holes as dark matter in
theories with modified short-distance gravity, focusing
on two broad classes of realizations: extradimensional
models and generic species theories. We assume through-
out that the memory-burden effect governs the late-time
evaporation of the black holes and investigate the resulting
observational consequences. Our main goal is to identify
the leading constraints and the most promising discovery
channels for yuBH dark matter.

We find that neutron star survival provides the strongest
and most robust probe of the scenario. At the same time, a
narrow region of parameter space can remain viable while
potentially addressing the missing-pulsar problem in the
Galactic Center [67-70]. Diffuse evaporation signals in
neutrino telescopes are relevant mainly in extradimensional
realizations, whereas in generic species models the visible
emission is strongly suppressed by evaporation into dark
sectors. We also consider merger-induced evaporation
bursts, which can arise if the remnant of a merger briefly
returns to the semiclassical phase before re-entering the
memory-burden regime. Purely gravitational signatures are
briefly discussed for completeness, although they appear
less promising with present or near-future sensitivities.

The paper is organized as follows. In Sec. II we review the
relevant properties of black holes in the transition regime and
summarize the ingredients of the memory-burden frame-
work. In Sec. III we analyze the direct evaporation signal
from an ambient population of uBHs. In Sec. IV we derive
constraints from neutron star survival. In Sec. V we comment
on additional gravitational signatures. In Sec. VI we study
merger-induced signals and estimate the resulting flux of
evaporation products at Earth. We conclude in Sec. VIL.

II. SETUP

In this section we summarize the properties of black
holes in the intermediate regime (4), where gravity departs
from its ordinary four-dimensional Einsteinian behavior but
remains outside the fully quantum domain. The central
modification in this regime is the mass-radius relation.
Instead of the standard four-dimensional Schwarzschild
scaling, the black hole radius takes the form [51,71]
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where 71 parametrizes the short-distance deformation of
gravity and a; is an O(1) coefficient. In extradimensional
models, 7 is identified with the number of extra dimen-
sions, and in that case we denote it by n throughout. In
more general species frameworks, 7 is determined by the
effective geometry of the species space [51]. For extra-
dimensional models the a; is given by

T 3) /21 1/(1+n)
i = <87r—(n+1)/2[<’; u )/ ]) NG

In species theories the parameter a; in Eq. (5) is unity [51].

Once the radius is modified, all thermodynamic
properties of the black hole are correspondingly altered.
In the extradimensional case, the Hawking temperature
becomes [71-74]

n+1
(n)’ (7)

Ty =
drrg

which implies the evaporation rate

dm
E = —a(n,TH)T%I. (83.)

extra

Here a encodes the effective number of thermally
accessible degrees of freedom. Its precise form in the
higher-dimensional regime can be found in Ref. [74,75]. In
the parameter range relevant for our discussion, the temper-
ature is sufficiently high that a can be treated, to a good
approximation, as constant.

In species theories, the enhanced number of accessible
states modifies the evaporation law differently and
yields [51]

dm

a (8b)

M\ -1)/(1+7)
— M .
species M

This expression includes evaporation into all available
species, including dark-sector states. If one is interested
only in the fraction of the emitted energy deposited into the
visible sector, the result must be rescaled by [51]

EBnourscetor (%) 7/ (147)

= ©)

E BH—all sectors

The root of the above equations lies in the observation that,
depending on its horizon size in species space, a black hole
evaporates into all species accessible to it. As the black hole
becomes heavier, it is able to evaporate into more and more
species, up to the maximum number N, which is of course
the total number of fundamental species. The equations

above are derived for the case of N copies of species related
by an exact permutation symmetry [51].

Integrating the semiclassical evaporation law gives the
corresponding lifetimes. In extra dimensions one
obtains [71]

C M\ (n+3)/(n+1)
ADD ( > , ( IOa)

T = —
extra | SC Mf Mf

with Capp = 167%a2/[a(n + 1)(n + 3)], whereas in spe-
cies theories one finds [51]

| cW) (1\4)3/(71+1)
T. . = — _— R
species |SC Mf Mf

with CW) = (7 + 1)/3.

A second key quantity is the entropy. Since the entropy is
determined by the horizon area, the modified radius implies
a modified entropy as well. In the extradimensional case
this gives [71]

R\ #/(n+1) M2nt2 1/(n+1)
Sextra = S(4) - ~ S(4) ﬁ s (1 la)
rs MM

(10b)

where rg and S denote the ordinary four-dimensional
Schwarzschild radius and entropy, respectively. In the
species case, the corresponding scaling is [66]

21/ (ii+1
SspeciesNS(4)<%> 1 e, (12)
M

In the context of higher-dimensional theories, the phe-
nomenology of the associated black hole properties has
been studied over the past two decades (see e.g.,
Refs. [74,76-78]). Moreover, these entropy relations are
even more important when we take the memory-burden
effect into account as it suppresses evaporation by powers
of the entropy. We parametrize the evaporation rate in the
memory-burden phase as (cf. Ref. [55])

dmM
dt

_ldm
wmp Sk dr

: (13)
Ne
where k characterizes the strength of the suppression. In the
scenarios of interest one typically expects [57]

1 <k<3. (14)
Equation (13) specifies the evaporation rate once the black
hole has entered the memory-burden regime.

Besides the suppression exponent k, two additional
quantities are relevant for the onset of the effect: the
fraction ¢ of the black hole mass that must be lost before
the memory burden becomes important, and the width & of
the transition into that regime. Theoretical arguments lead
to [64]
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g = (p28)~1/RI-1), (15a)

q (pZS)_l/[z(p_l)]
(p—1)InS (p—1)InS

5:

(p#1).  (I5b)

Here p is the parameter controlling the microscopic
structure of the memory-burden transition.

Using the entropy scalings above, one can translate
these expressions into the extradimensional and species

cases [66],

Goxa & (M3r2)~1/2(1)] <%> n/[2(n+l)(17—1)]’ (162
and

oo & <1\A/{IP> 1/[(ﬁ+1>(p_l)]N—l/[2(ﬁ+l)(p—l)]’ (16b)

respectively. The final expressions for the lifetime of uBHs
for the different cases read

(n+2)(k+2)/(n+1) 5 rlic(n+2)+n+3]/ (n+1)

Textra = CADDMf_ (1 721)

and

(N) pg(3+2K)/ (n+1) Mf—(4+n+2k)/ (n+1) (17b)

Tspecies ~C
The relations collected above are the basic ingredients
needed for the phenomenological analysis in the following
sections. They determine the mass dependence of the
radius, temperature, entropy, evaporation rate, and lifetime
of micro black holes in the transition regime, both in the
semiclassical phase and after the onset of memory burden.
In particular, they make it possible for black holes with
masses far below the ordinary four-dimensional evapora-
tion threshold to survive on cosmological timescales and
therefore to be viable dark matter candidates.

III. EVAPORATING MICRO BLACK HOLES

A natural question is whether an ambient population of
micro black holes can be detected through their evaporation
products. The answer is not obvious a priori, because several
competing effects are at work. On the one hand, if uBHs
constitute the dark matter, their small masses imply very
large number densities, and lighter black holes radiate more
efficiently. On the other hand, the same objects must already
be in the memory-burden phase in order to be cosmologically
long-lived, which suppresses their evaporation rate. In
addition, black holes in the transition regime are generally
colder than ordinary four-dimensional Schwarzschild black
holes of the same mass. The observable signal is therefore
determined by a nontrivial interplay between abundance,
temperature, and memory-burden suppression.

Neutrino telescopes provide a particularly interesting
target for such a signal. If the typical energy of the emitted
particles is of order the Hawking temperature, then the
evaporation products can fall into an energy range acces-
sible to experiments such as IceCube or The Pacific Ocean
Neutrino Experiment (P-ONE), depending on the funda-
mental scale and on the location in parameter space. Since
individual 4BHs are extremely light, the relevant observ-
able is not a resolved long-lived source, but the cumulative
signal produced by the ensemble of black holes present
inside the detector volume at any given time.

We therefore estimate the characteristic waiting time for
the emission of an observable particle from the population
of uBHs inside a neutrino telescope. Assuming that all dark
matter consists of micro black holes of mass m, gy, their
number density is

DM
nuBH = ) (18)
. M, BH

where ppy denotes the local dark matter density. The
corresponding flux through a detector of area A is then

¢;4BH = AvDMnMBH’ (19)

with vpy the local dark matter velocity.

To estimate the signal rate, we first determine the
characteristic time over which a single black hole emits
an amount of energy comparable to one Hawking quantum.
In the memory-burden phase, the evaporation rate is given
by (13) and using the scaling relations summarized in
Sec. II together with the results of Ref. [66], it yields for the
extradimensional case

extra n+1 2 /M £ 2
= —Qextra < 4 > <—>

dm
dr

M\ [k(n+2)+2]/(n+1)
X <—f> , (20a)
M
and
d M |species M; (2k+2)/(n+1)
W = ~Ospecies (M) M % (2Ob)
MB

for the species case, where we have written the rate relevant
for observable Standard Model emission rather than the
total evaporation rate into all sectors. This distinction is
essential, because the large number of dark species strongly
suppresses the visible signal even when the total emitted
power is substantial.

Let 7., denote the time required for a single xBH to emit
an energy of order T'y. Estimating one observable quantum
by the condition

dm

- , 21
H dr MBTObs ( )
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one obtains the corresponding detector waiting time by
dividing by the number of black holes contained in the
detector volume

Tobs
= , 22
Vn uBH ( )

Tdet

where V is the detector volume.
This leads to the following parametric estimate for the
extradimensional case

4 1 M [ M\ kn+2)+1]/(n+1)
g =4 (ir) . (23)
Qexirall + 1 VPDM M* M*
and, analogously, for the species case,
species 1 M M (2k+1)/(n+1)
Y
Aspecies VPDM M * M *

These expressions can be converted into an expected
event rate for a detector with a given fiducial volume and
exposure time. For the present purpose, however, the main
issue is not only how often such events occur, but also how

they would appear experimentally. A population of evapo-
rating uBHs would generically produce a mixture of final
states, many of which could easily be classified as back-
ground in existing searches. The cleanest channel is
provided by charged evaporation products that generate
Cherenkov light while traversing the detector volume. In
contrast to ordinary astrophysical neutrino events, such
signals would not be associated with a preferred arrival
direction and would instead reflect the thermal energy scale
set by the Hawking temperature of the underlying black
hole population.

A realistic assessment of detector sensitivity would
require a dedicated analysis of triggering, reconstruction,
and background rejection, which lies beyond the scope of
the present work. As a simple benchmark, we assume that a
signal becomes potentially detectable if the expected event
rate is at least of order one event per year over the operational
lifetime of the detector. Under this assumption, the resulting
sensitivity is shown in Figs. 1 and 2 for k = 1 and k = 2,
respectively. The ures indicates that neutrino telescopes
can probe a portion of the light-mass parameter space in
extradimensional realizations, where the visible-sector

Evaporation bound
~= NS destruction

IceCube Detection
~——— Short scale Newton's law | o

rg > R

1 016 1 016
>
& 10" 10"
=
10° 10°
10 : : ' 10" : :
107" 10° 107 10 10° 10" 10" 107" 10° 107* 10 10° 10 10"
M]g] Mg
FIG. 1. The panels show the M—M; plane for different values of n and k = 1 for the extradimensional case. The orange shaded region

is excluded by neutron star existence, the red region is the evaporation bound, the ice-blue-shaded shaded region is the potential bound
set by IceCube assuming a sensitivity that requires a signal of one event per year since operation start. The black shaded region shows the
area of the parameter space where the size of the black holes exceeds the compactification radius R and is therefore no uBH anymore.
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Evaporation bound
~——— NS destruction

IceCube Detection
~——— Short scale Newton's law

—_—g >

10" 55

10 -

0% 10

FIG. 2. Same as Fig. 1, but for k = 2.

emission remains appreciable and the Hawking temperature
can lie in an experimentally favorable range.

The situation is much less promising in generic species
scenarios. There the total evaporation rate may still be
sizable, but only a parametrically small fraction of the
emitted power is deposited into Standard Model particles,
since most of the radiation is lost into dark sectors. As a
result, the diffuse evaporation signal in terrestrial detectors
is strongly suppressed, and present neutrino telescopes are
not expected to provide meaningful sensitivity in that case,
as can observed in Fig. 3.

Direct searches for the evaporation products of ambient
uBH dark matter are potentially relevant only in a restricted
part of parameter space, primarily in extradimensional models.
Even there, detectability is limited to the lightest viable black
holes and depends on the extent to which the emitted spectrum
falls into a sufficiently clean experimental window. In species
realizations, by contrast, dark-sector dilution renders this
channel ineffective for current instruments.

IV. NEUTRON STAR CONSUMPTION BY MICRO
BLACK HOLES

To derive the first robust bounds on the model, we
consider the astrophysical systems that are expected to be

most sensitive to the presence of micro-black-hole dark
matter. These are neutron stars (NSs), since they are the
densest known long-lived objects that are not themselves
black holes. Because of their large density, p ~ 1073 GeV*,
and their observed lifetimes, which can reach at least
Tiifeime ~ 1 GYT, one must require that captured micro black
holes do not consume a neutron star on a timescale shorter
than its lifetime.

Throughout this analysis we adopt a deliberately
conservative strategy. Our aim is not to derive the strongest
possible constraints, but rather the most robust ones.
Accordingly, whenever astrophysical or microphysical
uncertainties enter, we choose assumptions that weaken
the bound. The resulting exclusion regions should therefore
be interpreted as conservative lower limits on the true
constraining power of neutron star survival.

To estimate the effect, we follow the logic of Ref. [79],
where hypothetical stable black holes in theories with large
extra dimensions were studied in the context of compact-
star destruction. In the present case, however, the black
holes are not strictly stable: they evaporate, but with a rate
suppressed by memory burden. This modifies the balance
between capture, accretion, and evaporation.

Two questions are central. First, how many yBHs are
captured by a neutron star during its formation? Second,
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Evaporation bound
~——— NS destruction

IceCube Detection
M< Mu/N

10
>
12
& 10
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10°
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Mgl Mg]
FIG. 3. The panels show the M—M; plane for different values of n and k for the species case. The color coding is as in Figs. 1 and 2.

Here, the black shaded region shows the area of the parameter space where the size of the black holes exceeds v/ NMjp and is therefore no

uBH anymore.

once captured, how long does it take them to consume the
star? Notice that it is sufficient to consider the initial
condition of the starting point of the accretion, because
neutron star consumption is a process that grows with the
mass of the accreting black holes, while the inflow of new
black holes stays constant. Even though yBHs will also be
stopped by the NS after its formation, their contribution is
subleading, as they will always be in an earlier accretion
phase than the first uBHs that entered, as long as their
growth rate is much larger than the mass inflow of newly
captured yBHs. This point will be addressed in more
detail below.

To answer the first question, we consider the dark matter
flux during core collapse, which takes place on a timescale
of order one second [80]. Now it is crucial to understand
what the condition is such that the uBHs falling onto the
proto-NS get captured by it and start accreting. To derive
this condition, we are going to use energy and momentum
conservation. We work in units ¢ =1 and evaluate all
quantities in the frame of a static observer at the surface of
the proto-NS, for which the escape velocity is

Vese = \/ rIs‘]S /Rns =~ 0.6, with the associated Lorentz factor

Yese = (1 = v%.)~"/%. Imagine a uBH gets dragged to the
proto-NS and starts falling onto it. The Lorentz factor at the
surface 1S 7;, = YescYDM- The corresponding velocity when
it hits the target is

— /a2 -2,2
Uin = Vgse + VescUDMm>

which reduces to the naive quadrature sum in the non-
relativistic limit. So in case the velocity shift is as large such
that the velocity drops under v, the uBH gets trapped to
the NS, this being equivalent to the orbit becoming bound.
The required shift can be calculated as

2
v
— /a2 -2,2 DM
Av = Vese 1 YescUDM ~ Vesc 272 .
Vesc Vesc

To translate this velocity shift into the mass shift, dm,
the uBH has to experience due to accretion, we impose
energy and momentum conservation for the absorption of
matter at rest in the local frame, y;,M + ém = y’M’ and
YmMuvy, = y'M'v', which gives

(24)

(25)
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YinM vy, —Av  Om UZDM
e -
yinM +6m Uin M ZYescvgsc

~107%, (26)

where the last step uses vpy =~ 1073, Taking this result we
can estimate the mass gain of a yuBH going through the
forming NS by

M = nr2Rysp. (27)

and this mass shift has to be larger than the one derived
above. Therefore the final condition we find such that a
uBH gets trapped into the NS is

ntl

M 2n+4
<5M RNSP) . (28)

This immediately shows that ordinary stars and planets are
too dilute to capture such objects efficiently. During core
collapse, however, the density rises to values of order
10"2gcm™, which is sufficient to reduce the stopping
length below the size of the collapsing core. As a result, the
dark matter wind can deposit xuBHs into the forming proto-
neutron star, where they become gravitationally bound.
Within roughly one second, the remnant reaches densities
of order 10'*gcm™, and the captured black holes then
enter the accretion regime appropriate for neutron star
matter [81,82].

Once trapped inside the relevant accretion timescale for a
single black hole was identified in Ref. [79] as

Mf < len:r"4

16z[4z(n + 1)k,]'/"
An

Mf (n+2)/n MP 2(n—=1)/n
. (29
% <1 TeV> I TeV (29)

with ¢, being the sound speed inside the neutron star,
3<i, <66forn=1,....7,k,=227)"/[(n +2)Q,11],
where Q,,.,=27""32/T'(n+3/2) and dy=(1TeV)?/(zp).
Notice that during accretion within the NS, the uBH goes
through various regimes, each with different timescales.
The three relevant regimes are the non-Einsteinian regime,
the transition regime, and the Einsteinian regime, the latter
applying when the yBH has already grown beyond the
mass given in (4). In [79], all formulas for the different
timescales are given, but the key finding is that the
transition regime—under the most conservative assumption
of four-dimensional accretion behavior—is the longest and
therefore the most relevant for our considerations. This also
justifies neglecting quantum effects for xBHs that are much
smaller than nucleons, as this timescale can be calculated to
be of order seconds, which is negligible compared to the
overall lifetime of 1 Gyr for a NS.

Therefore, for the scenario to remain viable, the time-
scale (29) must satisfy

= d()CS

I > Tiifetime- (30)

This criterion applies to a single captured black hole. In
practice, however, a newly formed neutron star may capture
multiple #uBHs during the core-collapse phase. The corre-
sponding initial number can be estimated from the incident
dark matter flux as

Nini = npmANsVbm tcore—collapse ’ (3 1 )

where Ayg is the neutron star cross-sectional area and vpy, is
the characteristic dark matter velocity. The effective destruc-
tion time is then reduced relative to the single-black hole
estimate, since several seeds can accrete simultaneously.

Relative to Ref. [79], our setup contains an additional
ingredient: Hawking evaporation, modified by the
memory-burden effect. Captured yBHs therefore do not
simply accrete monotonically. Instead, once inside the
neutron star they accrete and evaporate at the same time.
Initially the black holes are assumed to lie in the memory-
burden regime, but as they grow by accretion they can re-
enter the semiclassical phase. The relevant question is
therefore whether accretion dominates over evaporation
throughout the evolution.

At the parametric level, this balance is governed by

dm
= = mpr} —aT}. (32)

For a captured black hole to grow rather than evaporate
away, the right-hand side of Eq. (32) must remain positive.
This condition depends on the initial mass of the infalling
object: lighter black holes accrete less efficiently and
radiate more strongly, whereas heavier ones accrete more
efficiently and evaporate less. In our analysis we therefore
impose, conservatively, that Eq. (32) be positive over the
relevant part of the evolution.

We also want to check if the condition that the growth of
the uBHs outweighs the capture inflow justifying our
ansatz that we focus on the initially bounded ones. We
therefore check if the growth rate outweighs the mass
inflow of the captured uBHs by analyzing this equation

aM

T TPNsT + PoMANS UDM- (33)

We can rewrite this equation into

M
- = M+ S, (34)

where the source term S is the second term in (33) and

c = npysM; 272/ (n 1) Solving this differential equation

and evaluating the deviation from the solution without
the source term we get for n = 1
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1 M
IR thosource — Eln (1 + V:)’ (35)
with M, = S/c for n = 1. For n = 2 this gets
38
IR thosource — 6‘27(1)/3’ (36)

where M|, is the mass of the initially accreting black hole.
Here we assumed conservatively that just one initial
accreting uBH exists, and that the final mass of the NS
is much higher than M. For the derived bounds it is always
checked that the correction coming from the source term is
never dominating.

The same mechanism also suggests a possible connec-
tion to the missing-pulsar problem in the Galactic Center.
Observationally, the apparent paucity of pulsars in the
central region of the Milky Way remains under debate, and
it is not yet clear whether standard astrophysical effects

suffice to explain it or whether additional physics is
required [67,69,83]. Of course do astrophysical explanation
remain viable candidates to solve the missing pulsar
problem but our proposal just offers an alternative way.
In the present framework, neutron stars in the Galactic
Center would be exposed to a substantially enhanced dark
matter density, and therefore to a larger capture rate of
uBHs. This can lead to efficient destruction of neutron stars
in the central region while leaving those in less dense
environments unaffected.

In Fig. 4 we show the parameter region selected by
simultaneously requiring the survival of neutron stars in the
Milky Way at large and allowing efficient neutron star
destruction in the Galactic Center. A relatively narrow mass
window is favored in this case. The underlying reason is
simple: away from the Galactic Center, the ambient dark
matter density is too small for neutron stars to capture a
sufficient number of destructive xBHs unless the individual
black holes are very light. In the Galactic Center, by
contrast, the enhanced density allows capture and

Evaporation bound
~== NS destruction
Central NS destruction
IceCube Detection
Galactic NS stability
~——— Short scale Newton's law
rg >
L 1 L L L 104 - |7 n_ L L L 1
107 10 10° 10" 10" 107" 10° 107* 10 10° 10 10"
10" 10"
>
D 112 12
<] 10 10
=
10° 10°
104 —10 —6 —2 : 2 6 10 14 104 —10 —6 —2 : 2 6 10 14
10 10 10 10 10 10 10 10 10 10 10 10 10 10
Mlg] Mgl

FIG. 4. The panels show the M—M; plane for different values of n and k = 2 for the extradimensional case if one aims for a solution for
the missing-pulsar problem. The orange shaded region is excluded by neutron star existence, meanwhile the yellow region is excluded as
it would allow neutron stars being stable in the center of the Milky Way. The red region is the evaporation bound, the ice-blue-shaded
region is the potential bound set by IceCube assuming a sensitivity that requires a signal of one event per year since operation start. The
black shaded region shows the area of the parameter space where the size of the black holes exceeds the compactification radius R and is
therefore no uBH anymore. The green shaded region is where neutron stars are stable.
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subsequent destruction even for somewhat heavier objects.
Requiring both conditions simultaneously therefore isolates
a restricted range of masses, centered roughly around
1010 g,

The preferred scale of M; depends on the value of n. In
the extradimensional case, values as high as

M; ~10'° — 10! GeV (37)

can remain viable for n = 1, as suggested for instance in
dark-dimension scenarios [84]. For larger n, the upper
bound on M; becomes smaller, although lower values
remain allowed as long as the micro-black hole regime is
maintained.

In order to perform this analysis, we use the Navarro-
Frenk-White (NFW) profile ppy ga (1) =p,(r/7)(1 —l—fy)‘{
with r;, = 15.6 kpc and p;, fixed such that the DM density at
the solar circle is of order 0.45 GeVcm™. We identify
the distance from the Galactic Center within which pulsars
get destroyed as 1 kpc. The open parameter space shown in
Fig. 4 is therefore the region where pulsars within 1 kpc are
destroyed and pulsars further away survive. Observationally,
roughly 10% of the predicted pulsars within the Galactic
Center are still observed, so not all are destroyed completely.
This does not necessarily pose an obstacle for our scenario, as
many astrophysical processes—such as migration or late
birth of pulsars—can account for the remaining 10%.
Alternatively, one could consider other profiles. An overview
of currently discussed candidates is given in [85]; the most
deviating proposal is the Burkert profile [86], which predicts
a smaller overdensity at 1 kpc by a factor of order 6. Smaller
densities have the effect of tightening the window, as the
green band shifts to the left, indicating that the difference in
expected lifetime depending on where the pulsar resides is
not large enough to explain the deficit in the Galactic
Center. Nevertheless, even with the Burkert profile a small
window survives in the same scenarios as in the NFW case,
since the window only starts closing for an overdensity
factor in the center of order ~10, larger than the ~6 predicted
by the Burkert profile. We therefore conclude that the
micro black hole DM scenario has the potential to address
the missing pulsar problem, but a rigorous answer would
require numerical galactic simulations of NS production and
DM halo development, which go beyond the scope of
this paper.

We conclude this section by noticing, that neutron star
survival provides the strongest and most robust constraint
considered in this work. Even under conservative assump-
tions, the existence of old neutron stars excludes substantial
regions of parameter space. At the same time, the enhanced
capture rate in the Galactic Center leaves open a narrow
window in which yBH dark matter can potentially con-
tribute to the missing-pulsar problem.

V. OTHER GRAVITATIONAL EFFECTS

Besides the potentially dramatic consequences discussed
above, uBH dark matter can also lead to additional
signatures that rely purely on its gravitational interactions.
Although these effects appear less constraining than neu-
tron star survival and less promising than evaporation-
based searches, they provide useful complementary diag-
nostics of the scenario.

A particularly interesting possibility is offered by pro-
posed direct gravitational detectors for dark matter [87,88].
Such experiments aim to detect the gravitational perturba-
tion produced by passing compact dark matter objects on
laboratory-scale sensors. This is especially relevant for the
present setup, since the allowed #BH masses can lie in the
mass range to which these detectors are designed to be
sensitive. In contrast to short-distance tests of Newtonian
gravity, such searches would probe the compact dark matter
object directly and therefore constrain the yBH mass
independently of the precise value of the fundamental
scale M;. In combination with experiments sensitive to
evaporation products, this could in principle allow one to
probe both the gravitational and nongravitational manifes-
tations of the scenario across a broad region of param-
eter space.

Another conceivable signature is a stochastic back-
ground of gravitational radiation from close hyperbolic
encounters of uBHs. Since these objects are extremely
abundant if they constitute the dark matter, one may expect
a large rate of close encounters. Moreover, if the encounter
takes place in the transition regime (3), the effective
gravitational interaction is stronger than in the ordinary
Einsteinian case, so that the acceleration at closest approach
is enhanced. This in turn shifts the characteristic frequency
of the emitted gravitational radiation to higher values.

To estimate the size of this effect, we compare the
characteristic frequency produced in a uBH encounter to
the corresponding Einsteinian estimate. For an ordinary
black hole, one has parametrically

1
Je~ —GM(FJ e), (38)
P

where rp is the periastron distance of the encounter and e is
its eccentricity. In the species case, the interaction remains
effectively four-dimensional, but within the transition
regime the relevant gravitational scale is set by M rather
than Mp. One therefore finds the enhancement

species
T My (39a)
fe M

In the extradimensional case, dimensional analysis
similarly gives
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extra R 11/2
el e

In both realizations the characteristic frequencies are
therefore significantly enhanced relative to the already
extremely large Einsteinian values. For example, an ordi-
nary black hole of mass 10® g would already produce
frequencies of order O(10?°) Hz in a close encounter, even
before including the short-distance enhancement. Current
proposals for high-frequency gravitational-wave detectors
aim at sensitivities no higher than roughly 10'® Hz [89],
and even these projections remain under active discussion
[90]. It therefore appears very unlikely that gravitational
radiation from uBH encounters can be observed with
present or near-future technology.

In summary, purely gravitational probes of yBH dark
matter are conceptually interesting and potentially com-
plementary to evaporation-based searches. Direct gravita-
tional detection of passing compact dark matter may
eventually become relevant, whereas gravitational-wave
signatures from close encounters are pushed to frequen-
cies far beyond realistic experimental reach. Within the
class of observables considered here, these effects therefore
do not provide the leading constraints or discovery
prospects.

VI. MICRO BLACK HOLES MERGERS

In a universe populated by extremely light micro black
holes, mergers can occur much more frequently than in
conventional primordial-black hole scenarios because of the
enormous number density of the objects. In the present
framework, such events are of particular interest because
uBHs can act as dark matter only if their evaporation is
sufficiently suppressed by the memory-burden effect. If,
however, the merger of two memory-burdened black holes
resets the remnant to a semiclassical state, as suggested in
Refs. [91,92], then the newly formed black hole can briefly
evaporate much more rapidly before reentering the memory-
burden regime.

This possibility is phenomenologically important. Since
the merging black holes are extremely light, the postmerger
remnant is correspondingly hot and can emit highly
energetic particles. In that case, the very mechanism that
renders the progenitor black holes cosmologically stable
temporarily ceases to operate, and the merger event
becomes a source of visible evaporation products. The
resulting signal depends on how long the remnant remains
in the semiclassical phase and what fraction of its mass is
emitted before memory burden is reestablished.

For a monochromatic primordial-black hole mass func-
tion in which the binaries decouple before matter-radiation
equality, the merger rate has been estimated conservatively
as [93-95]

34/37 [2m ~32/37 1068
o 5331l PBH
Rowa~ s () (G ) T o

The quantity of direct observational interest is the flux at
Earth of particles emitted by these merger remnants.
Following Refs. [91,92], the Galactic contribution can be
written as

2
N / /dsRPBHa (s, 9)]d(f;((1 )@

dEGal
and the extragalactic contribution as

dq’u& i
dE., 4 ‘iz

cg

dr
dz

&N, (E)

dEdr (42)

Rppylt(2)]

where 6(r) = ppm(r)/ppm describes the enhancement of
the dark matter density toward the Galactic Center, and
where a Navarro-Frenk-White profile is assumed [96,97].
The quantity r(s, #) denotes the line-of-sight distance of the
merger from Earth, d¢/dz is the cosmological line element,
and E' = E(1+z) accounts for the redshift between
emission and observation.

In the uBH scenario considered here, several aspects of
this calculation differ from the ordinary four-dimensional
case studied in Refs. [91,92]. The first important distinction
arises in generic species models. In order for xBHs to
constitute dark matter in such realizations, the number of
species must typically be very large, since the transition
range (4) must be sufficiently broad for the modified short-
distance behavior to be phenomenologically relevant.
However, in precisely this regime Eq. (9) implies that only
a parametrically small fraction of the evaporated energy is
released into observable Standard Model particles. Most of
the energy is emitted into dark sectors. As a consequence,
merger-induced signals in species scenarios are expected to
be far below current observational sensitivities.

The situation is more favorable in extradimensional
realizations, where the visible-sector branching fraction
is not comparably suppressed. In that case, the merger-
induced flux must nevertheless be recalculated using the
modified semiclassical lifetime in the transition regime.
Specifically, one must replace the ordinary four-dimen-
sional lifetime by Eq. (10a) and similarly use the appro-
priate expression for the parameter g, which determines the
fraction of the remnant mass emitted before the memory-
burden phase resumes. This distinction is not very impor-
tant when ¢ ~ O(1), but it becomes significant if g scales as
an inverse power of the entropy, since the entropy itself is
modified in the yBH regime according to Eq. (11a).

In Fig. 5 we show the resulting neutrino fluxes at Earth
for representative parameter choices motivated by currently
discussed extradimensional scenarios [9,84]. For the black
hole masses we choose the lightest values allowed by the
analysis of Sec. IV, since these yield the hottest remnants,
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scenarios of extradimensional theories. Two scales for M; are
investigated, motivated by Refs. [9,84]. The mass of the black holes
has been chosen to be the lightest value allowed for such a scenario
as they lead to the highest flux. The red dots show the bound on
neutrinos which have the energies of the evaporated neutrinos. The
orange dots show the flux in case half of the black hole evaporates
before it reenters the memory burden phase. The blue dots show the
same in case just a fraction of 1/+/S evaporates. The bounds of the
fluxes are stemming from Refs. [98,99].

which are the strongest bounded ones by experiments. This
choice is conservative from the perspective of detectability,
because the highest-energy evaporation products are typ-
ically the easiest to distinguish from backgrounds.

In the original Arkani-Hamed-Dimopoulos-Dvali (ADD)
framework, where M; ~ O(TeV), the first two benchmark
cases correspond to n =2 and n=6. For n =2, the
expected neutrino energies lie in the GeV range, where
the astrophysical background is large and the observational
separation between signal and background is therefore
weakest. For n = 6, the Hawking temperature is pushed
closer to the fundamental scale, and the detection prospects
improve accordingly. We also consider higher-scale bench-
marks with M; = 10!° GeV and n = 1 or n = 2, as often
discussed in dark-dimension scenarios [84]. In these cases
the expected flux for ¢ = O(1) approaches current bounds
most closely, with the most promising benchmark occurring
for n = 2. This suggests that merger-induced evaporation
bursts could become observationally relevant in future
searches for a restricted portion of the extradimensional
parameter space.

If, on the other hand, the remnant re-enters the memory-
burden regime almost immediately after the merger, then
only a very small fraction of its mass is radiated in the
semiclassical phase and the observable flux is strongly
reduced. In that limit, black hole mergers do not provide a
competitive probe of yBH dark matter.

In summary, merger-induced evaporation is a potentially
important signature only if two conditions are met: the
postmerger remnant must temporarily return to the semi-
classical regime, and a non-negligible fraction of its mass
must be emitted before memory burden turns on again.
These conditions appear difficult to realize in generic
species models because of dark-sector dilution, but they
can be satisfied in some extradimensional scenarios, where
the resulting high-energy flux may approach observational
relevance.

VII. CONCLUSION

We have studied the phenomenology of primordial micro
black holes as dark matter in frameworks where gravity is
modified at short distances by either extra dimensions or a
large number of species, under the assumption that the
memory-burden effect suppresses Hawking evaporation
strongly enough to stabilize even very light black holes
on cosmological timescales. This setup opens a qualita-
tively new dark matter regime. Once black holes in the
transition region between the fundamental scale M and the
Einsteinian regime survive until today, their tiny masses
imply enormous number densities and therefore potentially
observable interaction rates with astrophysical environ-
ments and terrestrial detectors.

Our analysis shows that neutron star survival provides
the strongest and most robust probe of the scenario. Even
under conservative assumptions, the existence of long-lived
neutron stars excludes substantial regions of parameter
space. At the same time, the enhanced capture rate expected
in the Galactic Center leaves open a narrow region in which
uBH dark matter can potentially contribute to the missing-
pulsar problem. In this sense, neutron stars are not only a
constraint, but also a potentially informative probe of the
underlying dynamics.

The direct evaporation signal from the ambient uBH
population is much more model-dependent. In extradimen-
sional realizations, the combination of large number
density and sufficiently energetic Hawking products can
make neutrino telescopes sensitive to the lightest viable
black holes, especially when the visible-sector emission is
not strongly diluted and the characteristic energies fall into
a relatively clean observational window. In generic species
scenarios, by contrast, evaporation into Standard Model
particles is strongly suppressed relative to the total emitted
power, making diffuse evaporation searches ineffective
with present-day instruments.

We have also considered merger-induced signatures. If
the merger of two memory-burdened black holes resets the
remnant to a semiclassical evaporation phase, then a
population of very light uBHs can generate bursts of
energetic particles. This channel is again most promising
in extradimensional models, particularly when the remnant
loses an O(1) fraction of its mass before re-entering the
memory-burden regime. If instead the remnant returns
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almost immediately to the memory-burden phase, the
observable flux is strongly reduced and current constraints
are easily avoided. Purely gravitational probes, such as
direct detection of passing compact dark matter or gravi-
tational radiation from hyperbolic encounters, are interest-
ing conceptually but appear less promising with present or
near-future sensitivities.

Overall, our results indicate that micro-black-hole dark
matter is not automatically excluded once memory burden
and modified short-distance gravity are taken seriously.
Rather, it defines a constrained but nontrivial phenomeno-
logical window, with markedly different observational
prospects in extradimensional and species realizations.
Neutron star survival currently provides the most powerful
handle on the scenario, while neutrino telescopes and
merger-induced evaporation products offer complementary
avenues for testing it. A more refined treatment of detector

response, compact-object capture, merger histories, and
postmerger memory-burden dynamics should further
sharpen the viability of this class of models.
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