Primordial Black Holes as Dark Matter: )
New Formation Scenarios and e
Astrophysical Effects

Alexander Kusenko

Abstract Scalar field instability can lead to a short matter dominated era, during
which the matter is represented by large lumps of the scalar field, whose distribution
exhibits large fluctuations, leading to copious production of primordial black holes
(PBH). The PBH abundance can be sufficient to explain up to 100% of dark matter
without violating observational constraints. Small PBH can destabilize neutron stars
and contribute to r-process nucleosynthesis.

1 Introduction

Primordial black holes can account for all or part of dark matter in the early uni-
verse [1-6], and they can also seed supermassive black holes observed in centers of
galaxies [7-10]. Furthermore, they could be responsible for some of the gravitational
wave signals observed by LIGO [11-14].

The high-density environment in the early universe suggests that black holes may
be produced if there is a sufficient degree of inhomogeneity [1-3]. However, the
density perturbations that seeded the observed structures were too small for PBH
formation. Some additional power could be generated on certain scales by inflaton
dynamics [4], and many models have focused on this possibility [15, 16].

However, the presence of even a single scalar field (such as the Higgs field, if it
has the right potential at large VEV, or some other fields, such as those predicted by
supersymmetry) can result in large inhomogeneities on some scales. The origin of
such inhomogeneities is in instability that causes fragmentation of a scalar conden-
sate [17]. The instability leads to matter like state, in which the matter component
is composed of large-mass lumps of the scalar field. Since the energy density in the
matter component scales slower than the radiation matter density, the lumpy scalar
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Fig. 1 Fragmentation of the scalar field (left panel, see Ref. [17]) can lead to a matter dominated
stage with relatively few giant particles, which thus exhibit large density fluctuations [22, 23].
These density fluctuations, which lead to PBH production, are different from primordial density
fluctuations seeding cosmic structures

field can come to dominate the energy density. The field lumps are large and relatively
few, and the density fluctuations are much larger than in the case of matter made up
of a huge number of small particles. Therefore, it is much more likely to find some
patches of space in which the density contrast is of order one, which is necessary
condition for PBH formation. Another condition, of near spherical symmetry, is also
satisfied in some small subset of the universe.

2 Scalar Field Instability and PBH Formation

During inflation, scalar fields with masses smaller than the Hubble parameter develop
large expectation values [18-21]. After inflation is over, the field relaxes to the
minimum of its effective potential. There is a well-known instability that can set
in during the coherent motion of the scalar field [17]. If the second derivative of
the potential is sufficiently small or negative, an initially homogeneous condensate
fragments into lumps of scalar field or Q-balls [21], as shown in the left panel of
Fig. 1. The right panel shows the timeline of one such model [22], in which the scalar
lumps come to dominate the energy density at time 7.

Eventually, the scalar lumps decay, and the radiation dominated era resumes.
However, during the intermediate matter dominated era, PBH can be produced.

3 PBH Formation During a Lump-Dominated Epoch

When the “matter” is composed of relatively few giant “particles” (scalar lumps), the
density fluctuations can be large. The regions of high density can give rise to black
holes. This mechanism is very different from models that rely on primordial density
fluctuations generated during inflation [1-6, 15]. It is also different from a model
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Fig. 2 PBH mass function
in a model of Ref. [22]. See
Refs. [22, 23, 26] for
discussion of constraints and
mass functions in other 0.001
models. Solid green line
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based on inhomogeneous baryogenesis [24], in which the scalar dynamics lead to
formation of high-baryon-number bubbles, which collapse to black holes.

The presence of a sufficient density contrast is not yet sufficient for a black hole
formation. The mass distribution in the overdense region should be spherically sym-
metric to a high degree [25]. The PBHs form from a small subset of the overdense
regions (which, in turn, are a small subset of the total). Even though the PBH-forming
configurations are rare, there is a sufficient number of them to account for all dark
matter [22, 23].

The mass function of PBH produced from scalar instability is shown in Fig. 2. The
PBH abundance can account for all dark matter in the mass window of 102023 g,
where there are no strong constraints on the abundance of PBHs. There can also
be black holes with 1-10 solar masses, which can contribute to the gravitational

waves observed by LIGO. A similar scenario exists for the inflaton field, which can
fragment into oscillons [26].

4 Neutron Star Genocide and Other Astrophysical Effects
of PBH

Neutron stars can capture PBH, in which case the neutron star is destroyed eventually
by ablack hole eating it from the inside [28]. The last stages of the neutron star demise
can be accompanied by a massing release of cold nuclear matter [27], which can con-
tribute to the r-process nucleosynthesis. Rapid-capture (r-process) nucleosynthesis is
needed to explain the observed abundances of heavy elements, including gold, plat-
inum, and uranium. However, the site of r-process remains unknown, while neutron
star collisions can release some neutron-rich matter, other sources may contribute to
r-process. In the part of the parameter space shown in Fig.2, neutron star genocide
by PBH can account for up to 100% of the needed r-process.
PBH contribution to r-process nucleosynthesis is consistent with the observed
distribution of heavy elements in dwarf spheroidal galaxies [29]: since the capture of
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a PBH on a neutron star is a rare event, one expects that roughly one in ten ultrafaint
dwarfs should have a high abundance of heavy elements [27].

In addition to r-process nucleosynthesis, the presence of PBH can result in several
additional astrophysical effects. The last stages of neutron star destructions cause the
magnetic field of the star to undergo a transformation on the time scales of a few
milliseconds. This results in a radio pulse whose duration and energy are consistent
with observed fast radio bursts.

Released nuclear matter, heated by beat decays, reaches temperatures at which
some fraction of positrons can be produced. These low-energy positrons eventually
annihilate, and their population can explain the observed 511 keV line from the
Galactic Center [27].

Regardless of their initial size, small PBH captured on neutron stars transform
into black holes with masses from 1 to 2 Mg [27, 30]. Since astrophysical black
holes are expected to have larger masses, detection of a population of black holes
with masses (1—2) M would imply the existence of PBH.

5 All Dark Matter in the Form of PBH?

There is an open mass window, shown in Fig.2, in which all dark matter can be
made up by primordial black holes. Several techniques used to rule out PBH at
masses below 10713 M, and above 1071° M, are ineffective in this mass window. For
example, optical microlensing does not work for black holes whose event horizons
are smaller than the wavelength of light [31, 32]. PBH in this mass window can be
produced in the early universe in a number of models that make few assumptions
beyond inflation and, possibly, an additional scalar field [22, 23, 26].

6 Conclusion

A new class of models for PBH formation, based on the scalar field instability in
the early universe, makes PBH formation a natural and fairly generic phenomenon.
There is a scalar field in the Standard Model, namely, the Higgs field, and theories
beyond the Standard Model typically predict a large number of scalar fields, for
example, from supersymmetry.
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