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Primordial black holes (PBHs) constitute an attractive non-particle dark matter (DM) candidate.
We show how generic PBH formation models based on scalar fields can lead to PBHs with
distinct features, including high spin as well as extended mass-spectrum compatible with multiple
observations. We discuss how compact stars can serve as unique laboratories for exploring
asteroid-mass PBHs constituting DM and also present new ways to test the origin of solar-mass
and intermediate-mass PBHs.
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Primordial Black Hole Dark Matter and Ways to Find It

1. Introduction

Conventional astrophysical black holes are formed at the end of stellar evolution from gravitational
collapse. Black holes could also be primordial (PBHs), appearing in the early Universe [1–3], and
constitute part or all of the darkmatter (DM) (see [4–6] for review). PBHs have been associated with
the recently observed gravitational wave (GW) signals (e.g. [7–10]), among others, and suggested
as a key ingredient in resolution of major astrophysical puzzles.

PBHs are more ubiquitous than once thought and can appear in a variety of theoretical mod-
els [4–6]. In typical scenarios, PBHs form in the early Universe when an X ∼ $ (1) overdensity
perturbation enters the horizon after the end of inflation and subsequently collapses1. Since standard
inflationary perturbations are nearly scale-invariant and must agree with CMB observations on cos-
mological scales, significant enhancements on small scales relevant for PBHs demand a significant
degree of inflaton potential fine-tuning (e.g. [11, 12]). We discuss how new PBH formation mech-
anism from scalar field fragmentation avoids this problem and naturally leads to PBHs with large
spin. Subsequently, we present another general PBH formation mechanism with scalars, based on
vacuum bubble multiverse. This mechanism naturally leads to PBHs with a broad mass-spectrum
that can simultaneously account for all DM as well as observations from Subaru HSC and LIGO.

New signatures and tests are needed to gain further insights into the role PBHs play in DM.
We show that compact stars constitute attractive laboratories for exploring asteroid-mass PBHs that
can constitute all of DM. Such interactions lead to a variety of signatures as well as pathways for
potential resolution of long-standing astronomical puzzles. We discuss new ways to test PBHs in
the solar and intermediate mass-ranges using BH mass-distribution and gas heating, respectively.

2. PBHs from Scalar Fields

Scalar fields generically appear in theories beyond the Standard Model (e.g. extra dimensions,
string theories [13]). Models based on supersymmetry (SUSY) often include numerous scalars
with vanishing potential and global * (1) charge [14]. In the early Universe after inflation such
fields coherently oscillate around the minimum of the potential and in the presence of attractive
self-interactions (potential shallower than quadratic) can develop instabilities2 and fragment into
solitonic lumps, Q-balls (complex field) [15] or oscillons (real field) (e.g. [16]). The field can either
be spectator or the inflaton [17]. The lumps can be effectively long-lived3 and from numerical
simulations [18–20] are expected to be large (percent of the horizon size at fragmentation). Scalar
fragments allow for an onset of matter-dominated era after inflation.

The fragmentation process is stochastic and rare sub-horizon scalar lump overdensities could
be sufficiently large to collapse into PBHs [21–24]. In Fig. 1 we display the resulting PBH mass-
spectrum for several models (A, B, C), along with existing constraints. Intriguingly, scalar fields
associated with electroweak-scale supersymmetry can naturally result in the PBH masses for which
there are no observational constraints and that can account for all DM [24]. In this formation
mechanism perturbations leading to PBHs are not related to inflation. PBHs to can form either
before or after reheating and can originate either from inflaton or an unrelated spectator field.

1PBHs can in principle appear within the standard cosmology, although the probability of this is extremely suppressed.
2This is analogous to gravitational Jeans instability.
3For Q-balls stability stems from charge conservation, although it is affected by higher dimensional operators.
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Figure 1: [Left] Models (A,B,C) of PBHs formed from scalar fragmentation, along with existing
constraints, from [24]. Mass range of PBHs associated with electro-weak scale supersymmetry
is shown. [Right] PBHs from generalized model of vacuum bubble multiverse, consistent with
observations of DM, detected HSC and LIGO events as well as seeds of supersmassive BHs, from
[28]. Yellow region denotes the reach of HSC observations required to definitely test this formation
mechanism as the dominant source of PBH DM.

Importantly, PBH formation occurs during matter-dominated era and resulting PBHs can possess
significant spin.

Another general PBH formation mechanism associated with scalars is that of vacuum bubble
multiverse [25–27]. In models of multi-field inflation, the vacuum structure will generically be
complicated. During inflation, the slow-rolling inflaton can quantum tunnel to near-by minima,
resulting in vacuum bubble nucleation. As the bubbles expand, some are of such size (super-critical)
that they are able to support inflation and a complicated space-time multiverse structure within.
Subsequently, bubbles collapse to BHs. A distribution of bubbles in size naturally leads to PBHs
with an extended mass-spectrum.

As demonstrated in [28], mass-spectrum of PBHs from vacuum bubble multiverse constituting
all ofDM is consistentwith the recently reportedmicrolensing event bySubaruHSC [29]. Upcoming
HSC observations will definitely test if this production mechanism is the dominant source of
PBH DM. Interestingly, as displayed on Fig. 1, a broad multi-step PBH mass-spectrum arising
from generalization of this mechanism allows to simultaneously explain all of DM, observations
from HSC and LIGO as well as seeds of supermassive BHs. HSC can also definitely test [30]
extended mass-spectrum of PBH DM arising from models based on flat power spectrum that can
simultaneously explain [31] the reported GW signal from NANOGrav [32].

3. Compact Stars as PBH Laboratories

PBH interactions with compact stars (neutron stars - NS, white dwarfs - WD) can result in a variety
of distinct signatures. Detection of kilonova and electromagnetic emission fromGW170817 NS-NS
merger event [33] has been taken as evidence that this is themain source of r-process nucleosynthesis
heavy element material (e.g. gold) abundance. However, the efficacy of merger contributions has
been recently challenged [34]. As found in [35], potentially significant amount of r-process material
can be produced from small PBHs that constitute DM being captured [36] and consuming NSs in
DM rich environments such as Galactic Center. More so, such events can simultaneously account for
heavy element abundance in the Milky Way as well as ultra-faint dwarf spheroidal galaxies, which
show evidence of significant heavy element abundance consistent with a rare historic event [37].
Interestingly, compact stars interacting with PBHs are also potential sources of a variety of other
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Figure 2: Signals from PBH-compact star interactions along with experimental constrains. Al-
lowed parameter space (blue dashed) for PBH-NS gamma-ray bursts to significantly contribute to
the observed positron excess at high energies [39]. Allowed parameter space (black dashed) where
heavy element nucleosynthesis associated with PBH-NS systems can account for all of A-process el-
ement abundance inMilkyWay as well as ultra-faint dwarf spheroidal galaxies simultaneously [35].
Allowed parameter space (red dashed) where GWs from transmuted binaries from PBH-NS inter-
actions can be within observation reach of LIGO, assuming a lower signal-to-noise threshold than
design [38]. Dashed lines correspond to the maximum reach for each signal, assuming the most
optimistic input parameter choice for the fits.

signatures [35, 38, 39], including positrons and the associated 511 keV radiation - relevant for signal
observed from the Galactic Center (see also [40]), fast radio bursts, “orphan kilonovae” (without
accompanying GWs), “transmuted” solar mass BHs left after small captured PBHs consume the
NSs as well as microquasars and “orphan gamma-ray bursts” (without accompanying GWs). We
display the PBH parameter space associated with some of these signals in Fig. 2.

4. New Tests for Solar-mass and Intermediate-mass PBHs

It is important to devise tests to probe PBHs over a broad mass range and also to distinguish
them from other BHs. BHs below ∼ 2.5"� are not expected from conventional stellar evolution.
Recently, LIGO has report ∼ 1.5−2.6"� BH candidate event [41]. A simple yet powerful approach
to test if such BHs are transmuted NSs due to DM/PBH interactions or PBHs is to examine if their
mass-distribution tracks that of NSs [42], as displayed on Fig. 3. This demonstrates that events
with BH mass > 1.5"� are unlikely to be transmuted.

LIGO has also recently reported first detection of intermediate-mass BH merger event with a
total mass of 150"� [43]. While a multitude of constraints exist in this PBH mass-range, they
often rely on a variety of assumptions. A new cosmology-independent test for intermediate-mass
BHs has been proposed in [44] based on PBHs interacting and heating surrounding interstellar
medium gas. Using DM-rich Leo T galaxy as target and taking into account heating processes due
to dynamical friction, emission from BH accretion disk and outflows/winds, PBHs are constrained
over ∼ 10 − 107"� mass-range as displayed on Fig. 3. Gas heating can also be used to test small
evaporating PBHs [45, 46].
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Figure 3: [Left] Expected mass distribution of “transmuted” solar-mass BHs, from [42]. [Right]
Constraints on PBHs from gas heating of Leo T galaxy, from [44].

5. Summary

Intimate connection exists between PBHs and GW/multi-messenger astronomy. As we have shown,
PBHs can be produced in generic models with scalar fields with a variety of properties, including
high spin and broad mass-distribution. Compact stars can act as laboratories for asteroid-mass
PBHs that constitute all of DM and are yet unconstrained, allowing for variety of novel signals and
potential opportunities to alleviate existing astronomy puzzles. PBHs in the solar-mass range as well
as intermediate mass-range can be tested via mass-distribution as well as gas heating, respectively.
This could shed light on the origin of the recently detected GW signals.
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