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Primordial black holes are five dimensional
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We revisit well-established mechanisms for primordial black hole (PBH) production, namely inflation,
phase transitions, and cosmic strings, in the context of the dark dimension scenario, which is motivated by
swampland principles. Applying quantum gravity constraints, we demonstrate that any viable mechanism,
barring exotic new physics at low energies, inevitably leads to the formation of five-dimensional PBHs. We
further show that PBHs formed from cosmic strings can have lifetimes comparable to the age of the
Universe. We comment on the observational implications of this result, including a potential connection to
the recent detection of a high-energy neutrino by KM3NeT, whose energy is intriguingly close to the five-
dimensional Planck scale in the dark dimension scenario.
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I. INTRODUCTION

Our observational access to the early Universe is limited,
yet any relic formed in the early Universe that behaves like
dark matter offers a potential window into early cosmology.
One such candidate is the primordial black hole (PBH),
which can naturally arise from overdensities in the early
Universe [1,2]. PBHs have long been proposed as a dark
matter candidate [3]; see [4] for a recent review.

Most conventional studies of PBHs assume them to be
ordinary four-dimensional (4D) black holes. However, this
assumption must be reevaluated in scenarios with large extra
dimensions [5,6]. From a purely nongravitational perspec-
tive, large extra dimensions might appear exotic. Yet,
general principles believed to hold in quantum gravity
suggest that our notion of what is “natural” needs to change
significantly in gravitational theories. The swampland pro-
gram aims to reformulate naturalness in the context of
quantum gravity [7]. In particular, it has been shown that
swampland principles [8], given the observed smallness of
the cosmological constant and existing constraints from
cosmological and tabletop experiments, lead to a particular
corner of theory space with a micron-sized extra dimension
[9]. This scenario is known as the dark dimension scenario.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2026/114(6)/063551(7)

063551-1

In the dark dimension scenario, the Standard Model is
localized on a brane embedded in a fifth dimension of
micron-scale size. A notable consequence of this setup is
that Kaluza-Klein (KK) gravitons are inevitably produced
by brane-localized radiation. These KK modes interact only
gravitationally and behave as a component of dark matter
[10,11], yielding a particular realization of the dynamical
dark matter framework [12]. Thus, many observational
features of our universe could follow naturally from a
single observation: the existence of an exponentially small
cosmological constant.

Given the presence of a large extra dimension, the study
of primordial black holes requires careful reconsideration.
For example, Refs. [13—15] explored the implications of
dark matter composed of 5D black holes, whose slower
evaporation rates compared to their 4D counterparts relax
existing observational constraints. In this paper, we revisit
the formation mechanisms of PBHs and ask whether, within
the dark dimension scenario, PBHs are effectively 4D or 5D
black holes. Surprisingly, we find that, under mild assump-
tions and applying quantum gravity constraints, PBHs must
be 5D, regardless of their abundance'

To arrive at this conclusion, we focus on three well-
studied mechanisms for generating the overdensities that

'Phases that are more stable than black holes are universal in
quantum gravity. The “black hole scale” Agy marks the temper-
ature threshold above which black holes decay into more stable
configurations [16], such as higher-dimensional black holes [17]
or Horowitz—Polchinski-type solutions [18-20].
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seed PBHs: (i) inflation [21], (ii) phase transitions [22], and
(iii) cosmic strings [23]. Of these, the inflationary mecha-
nism is already in tension with quantum gravity expect-
ations, not only due to its fine-tuned initial conditions but
also because the type of scalar potential that it requires is in
tension with swampland principles [24-26]. We therefore
concentrate on the latter two scenarios and demonstrate that
both generically lead to PBHs that are 5D.

In scenarios with extra dimensions, the early universe
evolves as a higher-dimensional system until a transition
occurs at a characteristic temperature known as the nor-
malcy temperature 7* after which the Universe becomes
effectively 4D with stabilized geometric moduli [27]. In the
dark dimension scenario, this temperature is 7* ~ GeV
[10,11]. Since PBH formation can occur at temperatures
higher than this, we derive quantum gravity constraints on
the evolution of the extra dimension prior to 7 = T* to
extend our conclusions to earlier cosmological epochs.
Along the way, we show that the Universe before the
normalcy temperature could have been in a kination-
dominated phase.

Finally, we analyze the lifetime of these 5D PBHs and
explore the intriguing possibility that some of them
evaporate at late times. This could potentially account
for the high-energy neutrino event recently observed by the
KM3NeT experiment [28] along with the proposal of [29].

II. DARK DIMENSION BEFORE
THE NORMALCY TEMPERATURE

In the dark dimension scenario, there is a stringent upper
bound on the temperature at which the four-dimensional
description of the Universe with a fixed-size extra dimen-
sion remains valid. The temperature marking the beginning
of this “normal” epoch is referred to as the normalcy
temperature, denoted by 7. If T* were too high, it would
lead to an overproduction of KK gravitons, resulting in an
excess of dark matter. Assuming the extra dimension has a
size on the order of one micron, this constraint implies that
T* ~GeV [10,11].

Since the effective field theory (EFT) remains valid at
this scale, it is reasonable to extrapolate the cosmological
evolution to earlier times using a semiclassical, potentially
higher-dimensional, picture. This raises a natural ques-
tion: what happens before the temperature drops to 7*? A
plausible hypothesis, originally proposed in [11] to offer
an independent explanation for the 7" ~ GeV scale, is
that the universe was hot enough at earlier times to excite
the geometric moduli of the internal manifold. These
moduli eventually stabilized once the temperature fell to
around 7 ~ GeV.

Before this stabilization, the size of the extra dimension
must have been smaller to avoid excessive production of
KK gravitons. In what follows, we derive a lower bound on
the size of the extra dimension, or equivalently, an upper
bound on the KK mass scale Mg, at temperatures above

T ~GeV. As a corollary, we also show that in the dark
dimension scenario, the energy density of the universe
could not have been dominated by Standard Model
excitations during this earlier epoch, as that would lead
to an overproduction of KK gravitons.

At temperatures above T ~ GeV, the evolution of
geometric moduli is approximately captured by lower-
dimensional scalar fields, and is constrained by Hubble
friction. The maximal evolution of these scalar fields is
bounded by the so-called kination solution, for which

= zee(Ge) = ()

where a is the scale factor and A¢ is the displacement in
field space, measured using the canonical moduli space
metric. The final inequality is saturated if the evolution of
the scalar field is entirely along the direction that decom-
pactifies the fifth dimension (see [30] for a discussion of
coefficients in the exponents).

This yields an upper bound on the KK mass scale

T3

Mgk (T) 5@

M. (2)

An interesting implication of inequality (2) is that the
universe could not have been radiation dominated at
temperatures above 7%. In what follows, we show that if
the universe were radiation dominated as the temperature
evolved from 7 > T* to T*, the universe would over-
produce KK gravitons, leading to an excess of dark matter.

To make this argument, let us first review the standard
derivation of the normalcy temperature.

A Standard Model brane at temperature 7" emits KK
gravitons at a rate given by [27]

dp T8
— +3Hp ~ ——, 3)
dt MgD.pl

where p is the four-dimensional energy density and Msp
is the five-dimensional Planck scale. During radiation
domination, H ~ T?/M, and dt ~ MudT/T?, where M,
is the reduced Planck mass.

Integrating this equation and evaluating the result at
recombination provides an estimate for the energy density
in KK gravitons

Tl3{C T*3
MKKMpl 7

(4)

PRC ™~

where Trc is the recombination temperature and we used
the identity M3y, , ~ My M. Requiring this energy den-
sity to be of the same order as the dark matter energy

density at recombination, ppy ~ 10°T3c\/HoM,y, yields
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the relation
T* ~ 10Hy "M Mg, (5)

which evaluates to 7% ~ GeV for Mg ~ [0.01-0.1] eV,
corresponding to a micron-sized extra dimension.

In the time window during which the temperature
evolved from 7 to T%, the size of the extra dimension
must have increased, implying that Myy (7T) was smaller
than Mgk. Assuming a constant KK mass at temperatures
below 7' would underestimate KK graviton production,
thereby providing a conservative lower bound on My (7).
Thus, at any temperature 7 > GeV, we must have

1073 Hy M3 TY < My (T). (6)

Using Eq. (5), we can rewrite this as

T3

EMKK < Mgx(T). (7)

However, this inequality is in direct contradiction with
Eq. (2). Importantly, the inequality in Eq. (2) can only be
saturated in a kination-dominated universe and not in a
radiation-dominated one. We are thus led to conclude that
the assumption of a radiation-dominated universe prior to
the normalcy temperature is inconsistent. The energy
density at those early times could not have been dominated
by Standard Model degrees of freedom.

We can conclude that if there is an epoch before the
normalcy temperature during which the Standard Model
brane is in thermal equilibrium, then the radion must evolve
according to kination. If this were the case, we note that for
T* ~ GeV, the observational universal upper bound on the
number of kination Hubble expansion of approximately 10
e-folds [31], implies that the beginning of such a kination
era would have a temperature above about 10 TeV.

III. PBHS FROM PHASE TRANSITIONS

In this section we consider the formation of primordial
black holes from overdensities created by a phase transition
in the Standard Model brane. We first consider primordial
black holes that are formed by overdensities generated at
temperatures above about 10 TeV. We will later extend our
analysis to lower phase-transition temperatures. The mass
of a black hole formed by over densities generated by phase
transitions would be on the order of the horizon mass,
My ~M SIH ~1 [4]. The Hubble rate is bounded from below
by the contribution of radiation at temperature 7', which
scalesas Hy ~ T?/M pi- Therefore, the corresponding upper
bound on the horizon mass is

M3,
ns=L. ®)
Let us now compare this upper bound with the mass
threshold below which 4D black holes at normalcy temper-
ature are unstable as they undergo the Gregory-Laflamme
(GL) phase transition [17].2 This threshold is given by the
mass of a black hole of the size of the extra dimension

ML ~ 2. ©)

In the dark dimension scenario, we have 0.01 < Mkg/
eV <0.1. For temperatures above about 10 TeV, the
primordial black holes, whether or not they initially form
as 4D objects, will inevitably be 5D at normalcy
temperature.

We can make an even stronger statement. As shown in
the previous section, at temperatures above T ~ GeV, the
universe is well-approximated by a kination phase, during
which

T3

Hxa? > H~ .
MplT*

(10)

This leads to a modified estimate for the horizon mass

My ~—2 (11)

For any temperature 7 > TeV, this mass is far below the
GL threshold required for a black hole to remain 4D.
Consequently, we find that for a primordial black hole to
remain a 4D object, it would have to form at or below a
temperature of order TeV. This implies that a new, currently
unknown phase transition would have to occur in the
Standard Model at sub-TeV scales, which is unlikely given
the well-tested consistency of the Standard Model at those
energies.

In closing, we note that QCD confinement is not the
result of a first order phase transition, but a crossover
transition [33], and thus it is not efficient for PBH
production. The logic behind the previous statement relies
on the fact that during a first order phase transition the speed
of sound approaches zero; as consequence, the pressure
response of the fluid vanishes and does not counterbalance
the collapse of horizon-sized primordial overdensities [34].
Despite the fact that the pressure response is expected to be

It is well known that the exponential growth rate (1) of the GL
instability is proportional to the horizon radius of the black string
[17]. Since the characteristic timescale 7 is the inverse of the
growth rate (7~ 1/u), the timescale scales linearly with the
radius. For a black string with a micron thickness, the entire
cascading pinch-off completes in a tiny fraction of a second. For
further details, see [32].
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lower during the QCD transition, the effect would not
provide the same efficiency as in a first order transition. All
in all, PBH produced during the QCD crossover transition
would require exotic new physics at low energies.

IV. COSMIC STRING PBHS

We now consider PBHs formed by the collapse of cosmic
strings. Cosmic strings are typically realized in field theory
as topological defects associated with axionlike particles,
where the axion exhibits monodromy around the string. The
energy scale of the cosmic string is proportional to the axion
decay constant. In scenarios with extra dimensions, this
energy scale is bounded from above by the higher-dimen-
sional Planck scale M sp,pi [35]. In this section, we examine
cosmic strings resulting from symmetry breaking that carry
axionic charge.

PBHs can form when loops of cosmic string collapse to a
size smaller than their Schwarzschild radius [23]. The size
of such loops is limited by the Hubble radius, which
satisfies H™' < M,;T* due to the T2 scaling of radiation’s
contribution to H. The mass of a PBH formed in this process
is therefore bounded by

T2 pl» (12)

where T is the temperature at the time of formation. The
higher-dimensional Planck scale obeys the bound

Msp (T2 ~ My > My (T)?. (13)

Combining the two expressions, we obtain

Mg < 10% (MKK(T)>2/3 (GGV

M T

>2Mp1. (14)

pl

If formation occurs at temperatures above GeV, we can
use the earlier bound (2) to find

2/3 2
M < 10% <@> <GC*V) M. (15)
M, T

To determine whether these PBHs behave as 4D black
holes, we compare this to the 4D mass threshold Mg, given
in (9). For the PBHs to remain 4D, we require

M =5/3 7/ T* \2
M=M 10% > [ =KK
~MaL = <Mp1 Gev

GeV) ¢/5
T ’

= Mgl <107 pm( (16)

where we used Eq. (15) in the first line. This inequality
is not satisfied in the dark dimension scenario, where
L ~ Mgk ~pmand T* ~ GeV. Therefore, any PBH formed
from a cosmic string collapse at temperatures above GeV
must be a 5D black hole.

If the PBH forms at temperatures below the normalcy
temperature, we replace Mgy (T) with its stabilized value
My in (14). In this case, for the PBH to be 4D, we require

GeV) o (17)

In the dark dimension scenario with Mgk ~ pm, the
above inequality is only satisfied for temperatures
T < 10 keV. This is too low for QCD axions and is likewise
problematic for generic axionlike particles (ALPs). If the
associated cosmic strings are produced by breaking of a
global U(1) symmetry, then the symmetry-breaking
transition must occur at 7Tgg < 10 keV.> In standard
finite-temperature effective field theory, such a transition
temperature is set by the symmetry-breaking scale itself,
Tsg ~ f up to model-dependent O(1) factors [40,41],
because f is the vacuum expectation value that defines
the axion decay constant and thermal corrections restore the
symmetry for T 2 f in generic weakly coupled potentials
[40,41]. In the dark dimension scenario, only the Standard
Model brane is in thermal equilibrium, so the degrees of
freedom sourcing these strings must belong to the visible
sector. Visible-sector ALPs generically couple to Standard
Model gauge fields through the dimension-five topological
operator [42-45]

1 -
LD ——Gga,al,, F*,

) (18)

a
Yayy = ﬁ G,

and analogously to SU(2), and SU(3)., where C, is a
model-dependent anomaly coefficient [42—45]. This scaling
follows because the axion is the pseudo Nambu-Goldstone
mode of the broken U(1), so its interactions are controlled
by the shift-symmetry scale f, and integrating out electri-
cally charged states carrying the U(1) charge generates
aFF through the chiral anomaly with coefficient propor-
tional to 1/f [42,43,46,47]. Therefore, f < 10 keV implies
parametrically large gauge couplings, in strong tension with
laboratory, astrophysical, and cosmological bounds on light
ALPs [48-51]. The same parametric relation g « 1/f also
arises for string-theoretic axions, where the axion descends
from higher-form gauge fields and inherits Chern-Simons
couplings to four-dimensional gauge sectors; after canonical

*We note in passing that low-scale phase transitions would
typically generate a severe quality problem [36-39].
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normalization, the resulting aFF interaction is suppressed
by the corresponding decay constant f [52,53].

We conclude that PBHs formed through the collapse of
cosmic strings will always be 5D black holes.

V. EVAPORATION OF 5D BLACK HOLES

In the previous sections, we used quantum gravity
constraints to argue that, barring exotic low-energy physics,
all primordial black holes must become 5D after the
normalcy temperature. In this section, we review the
evaporation process and lifetime of these SD primordial
black holes. We assume that there are no additional extra
dimensions beyond a micron-sized fifth dimension.*

The Hawking evaporation rate for a black hole in five
dimensions scales as

am
-2 —1a73
Z xr=~M MSD,pl’

(19)
where the proportionality constant depends on the number

of light degrees of freedom. Integrating this equation yields
a lifetime of

M2
3 -
5D,pl

(20)

Let us first consider black holes formed by cosmic
strings. If the black hole forms before the normalcy
temperature, then using the inequality (15), its lifetime is
bounded from above by

M\ /3 (GeV\ *
<107 (%) (Ti) o~ 108 yr.  (21)
pl

This upper bound is only a few orders of magnitude
larger than the age of the Universe (7 iverse ~ 13.8 Gyr).
Moreover, with a sufficiently large number of five-dimen-
sional species, one can easily find scenarios in which the
black hole lifetime is comparable to the current age of the
universe. Consequently, the observation of such long-lived
five-dimensional black holes would place constraints on the
number of 5D species in the dark dimension framework.

If the lifetime of primordial black holes is shorter than
but comparable to the age of the Universe, they could
potentially account for the high-energy neutrino observed
by KM3NeT [28], as proposed in [29]. A notable advantage

*In the presence of smaller microscopic dimensions, the black
hole will radiate until its size becomes comparable to the size of
these smaller dimensions. It will then undergo a Gregory-
Laflamme instability and transition to a higher-dimensional black
hole.

of this scenario is that 5D black holes naturally explain the
absence of an associated high-energy photon in the same
direction, a feature consistent with the KM3NeT observa-
tion [54]. The neutrino could be produced through two
mechanisms: (i) direct radiation of a standard model
neutrino if the black hole is located near the brane; or
(i) emission of a 5D bulk particle that subsequently
couples to a standard model neutrino confined to the brane.
In the dark dimension scenario, the small neutrino mass can
be naturally explained by a coupling between a brane-
localized neutrino and a bulk neutrino field [9,55].> While
inclusion of these right-handed states and other bulk fields
(e.g., light modulinos) oscillating into Standard Model
neutrinos may suppress direct photon emission in the first
mechanism, quark and gluon hadronization will still gen-
erate a flux of neutral pions. The subsequent decay of these
pions would ultimately produce a detectable photon signal.
In the second mechanism, 5D black holes decay in the bulk,
resulting in the complete absence of a photon signal. While
5D PBHs naturally explain the absence of associated high-
energy photons, it was also noted in [54] that neutrino
experiments should have observed an enhancement of
lower-energy events (0.1 < E,/TeV < 1.0) in the hours
preceding the KM3NeT event. Nevertheless, as established
in [59], a spectral line at the energy of the KM3NeT event,
along with a suppression of low-energy neutrinos, could
emerge via resonant neutrino oscillations if sterile states
take shortcuts through the extra dimension. All in all, the
conclusions of [29] are expected to remain valid, support-
ing the viability of 5D primordial black holes as a source of
the observed high-energy neutrino.

Next, consider black holes formed as a result of a phase
transition at a temperature 7 > 7. The mass of such black
holes is given by (11), and their lifetime is

T*zMgl GeV

6
49
T~ mtpl ~ 10 (T) tpl' (22)

In order for the black hole to have a lifetime shorter than the
age of the Universe, it must have formed at a temperature
T > 107 GeV, viz. well above the universal upper limit for
the beginning of a contingent kination era. Indeed, this is
only about two orders of magnitude below the quantum
gravity cutoff Msp, , ~ 10° GeV.

We therefore conclude that it is far more likely for all 5D
black holes formed from phase transitions to have lifetimes
longer than the current age of the universe.

>The idea that the smallness of the neutrino mass might be
ascribed to the fact that right-handed neutrinos could live in the
bulk was introduced in [56-58]. The coupling of right-neutrinos
to the left-handed standard model neutrinos living on the brane is
inversely proportional to the square-root of the bulk volume.
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VI. CONCLUSIONS

We have reassessed well-established PBH production
models through the lens of the dark dimension scenario, a
framework rooted in swampland principles. By applying
swampland criteria, we have isolated two viable production
pathways that remain consistent with these fundamental
theoretical bounds. The two possible swamplandish mech-
anisms for generating overdensities that could potentially
seed PBHs are: (i) early Universe phase transitions and
(ii) axion-charged cosmic strings arising from symmetry
breaking. We explored the possibility of a kination era
occurring beyond the normalcy temperature. Assuming such
an eraexisted, we have demonstrated that PBHs produced via
phase transitions result in 4D unstable objects, which
subsequently evolve into 5D structures through GL insta-
bility. Alternatively, we have shown that PBHs originating
from the collapse of cosmic string loops are generated as 5D
structures, regardless of whether their production occurs
above or below the normalcy temperature.

Finally, incorporating contrasting and complementary
perspectives allows for a more robust examination of our
assumptions about the contingent kination era. Herein, to
constrain the onset of kination, we applied the universal
observational upper limit for the era’s total duration. This
assumes that once stabilized, the radion generates radiation
indistinguishable from Standard Model radiation, leaving
the subsequent cosmic history unmodified. However, it
may also happen that overproduction of radion-induced KK
modes could cause the universe to reach a critical density
too quickly (overclosure).” If this were the case, then

Standard Model radiation should have been produced
around the normalcy temperature rather than earlier, with
anegligible or nonexistent kination phase. Consequently, in
this alternative scenario, PBHs would form exclusively via
collapsing cosmic strings and emerge as 5D structures.
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®Note that the transition from kination to radiation domination
is a transition of energy dominance, not a necessary transition of
the scalar field into an oscillating state. The oscillations can, and
often do, occur at a much later epoch when H decreases further
and drops below the radion mass m, i.e., H < m. Thus, while eV-
mass radion oscillations would produce background-indistin-
guishable radiation, QCD-scale masses would copiously produce
KK excitations, risking a surge of bulk energy density beyond the
critical threshold.
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