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1. Formation

While astrophysical black holes are expected to form as a consequence of stellar evolution and
gravitational collapse, black holes could also form in the early Universe before galaxies and stars [1–
3]. Such primordial black holes (PBHs) can comprise a fraction or the entirety of the dark
matter (DM) abundance (see [4–7] for reviews) and have been directly connected with the recent
breakthrough gravitational wave (GWs) observations (e.g. [8–11]) as well as other astronomical
phenomena and puzzles.

PBHs can form through a variety of mechanisms and can span decades of orders of magnitude
in mass [4–7]. Typical scenarios involve collapse of an 𝛿 ∼ 𝑂 (1) density fluctuation that has entered
the cosmological horizon after inflation. The size of the resulting PBH can then be related to the
horizon mass at formation time 𝑡 as 𝑀PBH ∼ 1015(𝑡/10−23 s) g. Accounting for CMB observations
on larger scales, significant enhancement of power spectrum on small scales relevant for PBH
formation demands fine-tuning of the inflaton potential in the simplest scenarios (e.g. [12, 13]).

PBHs with distinct features can appear in different scenarios, such as in models based on scalar
fields. One such general class of models, motivated by multi-field inflation, is PBH formation
from vacuum bubble “multiverse” (e.g. [14–16]). The generically complicated vacuum structure
of multi-field inflation can result in vacuum bubble nucleation due to inflaton quantum-tunneling
to near-by minima during slow-roll. Subsequent collapse of the expanding bubbles leads to PBHs.
Continuation of such process and distribution of bubbles in size naturally leads to PBHs with an
extended mass-spectrum. Intriguingly [17], this scenario can readily explain the DM abundance
and is compatible with recent Subaru Hyper Suprime-Cam (HSC) microlensing observations [18].
As shown on Fig. 1, generalized models based on this setup can also simultaneously account for
GW observations by the LIGO/Virgo Collaboration (LVC) as well as seeds of super-massive black
holes. Exploiting PBHs, optical telescopes can also simultaneously test [19] stochastic GWs and the
reported NANOGrav signal [20] in models based on flat power spectrum [21]. General classes of
models based on scalar fields could also result in PBHs with non-negligible spin, such as scenarios
associated with scalar fragmentation [22–24] that could be generic [25].

Spanning significant parameter space, PBHs can be associated with a multitude of distinct
astronomical observations and signatures. To gain further insight into the role PBHs play in DM
and physics, we discuss several novel directions for exploring PBHs over particularly intriguing
mass-range regimes. This includes evaporating, asteroid-mass, stellar as well as intermediate-mass
PBHs.

2. Evaporating PBHs

PBHs with masses 𝑀 ≲ 1015 g undergo efficient Hawking evaporation on galactic timescales.
Since PBHs will Hawking radiate covering particle spectrum of the model, evaporating PBHs
can be associated with a variety of observational signatures (see [4–7]). One such possibility
is heating of the surrounding interstellar medium gas by evaporating PBHs [29, 30]. Emission
from evaporating PBHs thus also offers a distinct way for testing new physics beyond the Standard
Model (e.g. [31, 32])

PBHs with masses ≲ 109 g would have been long gone and remain unconstrained. Intrigu-
ingly, their early evaporation can imprint observable signatures. This includes contributions to dark
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Figure 1: [Left] PBHs from a generalized model based on vacuum bubble “multiverse” scenario,
consistent with observations of the DM, detected HSC and LIGO candidate events as well as seeds
of supersmassive BHs, from Ref. [17]. The reach of HSC observations required to definitely
test this scenario as the dominant source of PBH DM is shown in yellow. [Right] Parameter
space for signatures associated with PBH DM interacting with neutron stars (denoted “PBH-NS”),
including significant contributions to heavy element production in Milky Way and ultra-faint dwarf
galaxies through 𝑟-process nucleosynthesis (black dashed) [26], “orphan gamma-ray bursts” without
coincidence GWs (blue dashed) [27] as well as potentially observable GWs from merging binaries
with transmuted NSs [28]. Dashed lines correspond to the maximum reach for each signal, assuming
optimistic input parameters.

radiation (e.g. [33, 34]) as well as induced GWs associated with reheating due to PBH evapora-
tion [35, 36]. As depicted on Fig. 2, coincidence signatures in GWs as well as effective number
of neutrino species allow to explore PBHs over orders of magnitude in mass below ∼ 109 g and
provide insights into their spin and mass distributions as well as formation models [37].

3. Asteroid-mass PBHs

The parameter space window for asteroid-mass 10−17𝑀⊙ ≲ 𝑀PBH ≲ 10−12𝑀⊙ PBHs is uncon-
strained and such PBHs can constitute all of the DM abundance (e.g. [38, 39]). Compact stars,
neutron stars (NS) and white dwarfs, can serve as excellent laboratories for exploring such small
PBHs contributing to the DM, as shown on Fig. 1. Once captured by a star in DM-rich environment,
PBH will eventually settle within and consume the host [40]. R-process nucleosynthesis associated
with resulting emitted neutron-rich material establishes such systems as viable sources of heavy
element production [26], the origin of which has been a long-standing mystery. Other emission
signatures include [26–28] positrons and the associated 511 keV radiation - relevant for the observed
persistent Galactic Center signal (see also e.g. [41]), fast radio bursts, “orphan kilonovae” and “or-
phan gamma-ray bursts” without accompanying strong GWs as well as new types of microquasars.
As host stars are consumed by small PBHs, a remnant population of “transmuted” solar-mass BHs
will remain [28].

4. Stellar and Intermediate-mass PBHs

Being directly connected with GW observations (e.g. [8–11]), stellar-mass PBHs pose particular
interest. Thus, identifying the origin of detected GW events is a central question with fundamental
implications.

BHs with masses ≲ 2.5𝑀⊙ are not expected from conventional stellar evolution. Intriguingly,
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Figure 2: [Left] Contributions to effective number of neutrino species Δ𝑁eff from Hawking
evaporation production (“PBH decay”, blue) as well as induced GWs (with power spectrum PΦ =

2 × 10−22 in black, PΦ = 2 × 10−25 in gray) for Schwarzschild (spin 𝑎∗ = 0, solid line) and Kerr
(𝑎∗ = 0.9999, dashed), from Ref. [37]. [Right] GW spectral density induced by early isocurvature
fluctuations in the scenario of reheating from PBH evaporation in terms of frequency. GWs from
Kerr PBHs are shown with dashed lines.

detection of a ∼ 1.5 − 2.6𝑀⊙ BH candidate event GW190814C has already been reported by
LVC [42]. A powerful approach to establish the origin of such BHs is to analyze their mass
distribution [43]. Transmuted solar-mass BHs from (particle or PBH) DM interacting with NSs
should track the known mass-distribution of NSs. As depicted on Fig. 3, events with BH masses
> 1.5𝑀⊙ are thus unlikely to be from DM interacting with and consuming NSs.

First intermediate-mass BH event with a total mass of 150𝑀⊙ has been recently detected by
LVC [44]. Residing within the pair-instability “mass-gap”, this event has challenged astrophysical
interpretations. While PBHs in this mass-range are subject to a variety of constraints, they often
rely on a number of assumptions. A powerful cosmology-independent approach for exploring such
PBHs is analyzing their interactions, energy deposition and heating of the surrounding interstellar-
medium gas [45, 46]. As shown on Fig. 3, these considerations allow to constrain PBHs over a
broad mass-range of ∼ 10 − 107𝑀⊙.

Aside the well studied binary BH and NS mergers, first BH-NS candidate events have been
detected by LVC [47]. Similar to NS binary mergers, this class of mergers plays a central role
in multi-messenger astronomy. Assuming proper binary identification, can PBHs be the source
of such events? As shown by Ref. [48], the expected total merger rates of PBH-NS binaries
are subdominant to the astrophysical BH-NS rates, implying that detected merger events are of
astrophysical origin. While PBH-NS mergers must occur after the star formation epoch, PBH-PBH
mergers can receive significant contributions from the early Universe. Thus, intriguingly, PBH-PBH
mergers can account for the binary BH events observed by LVC, even with subdominant PBH-NS
contributions.

5. Summary

PBHs make an attractive non-particle DM candidate and have been associated with a slew of distinct
astrophysical phenomena. We have outlined several new ideas for exploring PBH formation as well
as their detection, including evaporating, asteroid-mass, stellar as well as intermediate-mass PBHs.
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Figure 3: [Left] Expected mass distribution of “transmuted” solar-mass BHs originating from
(particle or PBH) DM interacting with NSs, from [43]. [Right] Constraints on PBHs from gas
heating in Leo T dwarf galaxy, from [43, 45].

Upcoming observations will allow to make definitive progress on establishing the role of PBHs in
DM and physics.
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