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Primordial black holes (PBHs) are one of promising candidates to explain the gravi-
tational wave events observed by the LIGO detectors. PBHs are produced from large
density perturbations generated during inflation. We show that a multi-field inflation
model can produce a sufficient number of PBHs. In particular, the model predicts two
peaks in PBH mass spectrum and hence can explain not only LIGO GW events but
also all dark matter of the universe. Furthermore, density perturbations large enough to
produce PBHs generate gravitational waves via the second-order effect. The produced
gravitational waves have a broad spectrum (nHz - O(10)Hz) and can be detected in
future GW detectors like SKA, LISA and DECIGO.
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1. Introduction

In 2015, the Advanced LIGO detected gravitational waves (GWs) directly for the
first time!. This event, GW150914, comes from the merger of black holes (BHs)
with ~ 30Mg. After the first detection, two more GW events caused by the merger
of BHs with similar masses were reported?3. One of the promising candidates for
BHs causing the LIGO GW events is primordial black holes (PBHs).

PBHs are BHs formed in the early universe by the gravitational collapse of
the over-dense regions®%. PBHs also have been considered as dark matter (DM)
candidate. Although several observations have ruled out most of the region for PBH
dark DM, PBHs with mass around 10~'*-1071°M, can still explain all DM.

Inflation can generates large density perturbations required to produce PBHs.
However, the amplitude of the density perturbations is small (~ 1075) on large
scales. In order to produce PBHs the density perturbations are very large (~ 0.1) on
small scales, so we need to break the scale invariance of the curavture perturbations,
which is hard to realize in single-field inflation models. One way to overcome this
difficulty is to consider multi-field inflation models. Here we adopt the double
inflation model where two stages of inflation (preinflation and new inflation) take
place™ . In particular, the model predicts two peaks in PBH mass spectrum and
hence can explain not only LIGO GW events but also all DM of the universe.

Since large curvature perturbations are required for PBH formation, the second-
order effect of the curvature perturbations cannot be neglected. In fact, they give
a contribution to the source term in the equation of motion for GWs and a signifi-
cant amount of GWs is produced. The double inflation model predicts GWs with
frequency from nHz to O(10)Hz which can be detected by future GW detectors.
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2. PBH formation

PBHs are formed when an overdense region with density perturbation larger than
the critical value §. ~ 0.4 reenter the horizon. The mass of a PBH is roughly given
by the horizon mass at the horizon entry of the perturbation. The relation between
the scale of the perturbation and the PBH mass is
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where + is the fraction of the PBH mass in the horizon mass at the formation and

depends on the detail of the gravitational collapse.
The production rate per logarithmic Hubble time interval is estimated using the
Press-Schechter formalism as
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where 02(M) is the coarse-grained density contrast with the smoothing scale k. The
current fraction of dark matter(DM) in PBHsis given by
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3. Double inflation

The double inflation model consists of preinflation and new inflation. The preinfla-
tion generates curvature perturbations on large scales observed by CMB while the
new inflation generates large density perturbations on small scales, which leads to
PBH formation. The potential of the new inflation is written as

2
Vaew(p) = —cv?p — kvt? + (v — gp*)°, (4)

where ¢ is the inflaton, v is the new inflation scale and ¢, k, g are constants (M =
1).

For PBHs to explain the DM and the LIGO events simultaneously, the PBH mass
spectrum must have peaks around O(10*®) Mg and O(10)M,. This means that the
power spectrum of the curvature perturbations must have peaks at (9(1012)Mp071
and O(lOG)Mpcfl. In the double inflation model, the enhancement of the pertur-
bations can be realized by two mechanisms. One is the enhancement due to the
inflection point of the new inflation potential. Another mechanism for enhancement
is due to dynamics of the inflaton field ¢ during oscillating phase after preinflation.
If the effective mass of ¢ is smaller than the Hubble the fluctuations of ¢ generated
during preinflation reenter the horizon without damping at the beginning of new
inflation and enhance the curvature perturbations. Thus, correspondingly to the
two mechanism, the double inflation can produce two peaks in the power spectrum



May 11, 2018 11:57 WSPC Proceedings - 9.75in x 6.5in pbh page 3

Mppulg]
105 10%

MACHO/

EROS/OGLE
Subaru HSC

10713 10710 1073 1
Mppu[M]

Fig. 1. PBH mass spectra for two appropriate set of the model parameters (blue and brown
lines) 1. The shaded regions denote the observational constraints.

of the curvature perturbations and hence two peaks in the PBH mass spectrum as
shown in Fig. 1

4. Gravitational waves

The spectrum of the induced GWs in the double inflation model is shown in Fig. 2.
The spectrum has two bumps corresponding to the two peaks in the power spec-
trum of the curvature perturbations. The sharp peak around nHz corresponds to
O(10)p PBHs, which avoid the current constraint from pulsar timing array experi-
ments 1713, The spectrum at lower frequencies has a broad peak which comes from
the curvature perturbations responsible for DM PBHs with mass O(1073) M. The
predicted GW spectrum is above the sensitivity of SKA 415 (e)LISA '6:'7 and DE-
CIGO'. One can see that both bumps corresponding to PBHs for DM and LIGO
will be probed by planned observations of GWs.

5. Conclusion

It is found that the double inflation model can simultaneously explain both LIGO
PBHs and DM PBHs. The large curvature perturbations required for PBH forma-
tion also generate GWs as the second-order effect. The GWs produced in the double
inflation model can be detected by future GW detectors and hence the model can
be tested.
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Fig. 2. Gravitational wave spectra for two set of the model parameters. The shaded region is
excluded by the pulsar timing array experiments. Black dotted lines show the prospects of the
future experiments.
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