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of Hubble patch

Carr 1975

Niemeyer & Jedamzik 1999 
Musco et al. 2005

Hawke & Stewart 2002

Harada, Yoo, Kohri 2013
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Gravitational Waves

GW150914 by LIGO & Virgo

Merger of BH binary: 36M⊙ + 29M⊙

They might be PBHs!

• Bird et al., 
• Clesse & Garcia-Bellido.

(

in DM halo, ΩPBH ~ ΩDM

• Sasaki et al. in RD, ΩPBH ~ (10−3–10−4) ΩDM

• Eroshenko including ad. pert., ΩPBH ~ (10−2–10−3) ΩDM

Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 × 10−21. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1σ. The source lies at a luminosity distance of 410þ160

−180 Mpc corresponding to a redshift z ¼ 0.09þ0.03
−0.04 .

In the source frame, the initial black hole masses are 36þ5
−4M⊙ and 29þ4

−4M⊙, and the final black hole mass is
62þ4

−4M⊙, with 3.0þ0.5
−0.5M⊙c2 radiated in gravitational waves. All uncertainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102

I. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].
Also in 1916, Schwarzschild published a solution for the

field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8–10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14–16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17–19], black hole mergers have not
previously been observed.

The discovery of the binary pulsar systemPSR B1913þ16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.
Experiments to detect gravitational waves began with

Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29–32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33–36].
A century after the fundamental predictions of Einstein

and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Hybrid Inflation



long waterfall (Nwater > 60) Clesse 2011

Relax the IC problem of Hilltop Inflation
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Half & Half case and Massive PBH
Garcia-Bellido, Linde, Wands 1996 
Lyth 2010, 2012 
Bugaev, Klimai 2011, 2012 
Clesse, Garcia-Bellido 2015

…

Perturbations become large around φc 
because of the flatness of the potential. 

＋ 

Following inflation enlarges the 
perturbation scale to make PBH massive.
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Mild Waterfall Case

11

MPBH ' M2
Pl

Hinf
e2Nwater = 104 g

✓
109 GeV

Hinf

◆
e2Nwater

Hybrid Inflation    - Yuichiro Tada - /29



Half & Half case and Massive PBH
Garcia-Bellido, Linde, Wands 1996 
Lyth 2010, 2012 
Bugaev, Klimai 2011, 2012 
Clesse, Garcia-Bellido 2015

…

Perturbations become large around φc 
because of the flatness of the potential. 

＋ 

Following inflation enlarges the 
perturbation scale to make PBH massive.

Martin, Vennin 2012
30 e-folds

30 e-folds

Mild Waterfall Case

11

MPBH ' M2
Pl

Hinf
e2Nwater = 104 g

✓
109 GeV

Hinf

◆
e2Nwater

Hybrid Inflation    - Yuichiro Tada - /29



Half & Half case and Massive PBH
Garcia-Bellido, Linde, Wands 1996 
Lyth 2010, 2012 
Bugaev, Klimai 2011, 2012 
Clesse, Garcia-Bellido 2015

…

Perturbations become large around φc 
because of the flatness of the potential. 

＋ 

Following inflation enlarges the 
perturbation scale to make PBH massive.

Martin, Vennin 2012
30 e-folds

30 e-folds

Mild Waterfall Case

11

MPBH ' M2
Pl

Hinf
e2Nwater = 104 g

✓
109 GeV

Hinf

◆
e2Nwater

Hybrid Inflation    - Yuichiro Tada - /29



Half & Half case and Massive PBH
Garcia-Bellido, Linde, Wands 1996 
Lyth 2010, 2012 
Bugaev, Klimai 2011, 2012 
Clesse, Garcia-Bellido 2015

…

Perturbations become large around φc 
because of the flatness of the potential. 

＋ 

Following inflation enlarges the 
perturbation scale to make PBH massive.

Martin, Vennin 2012
30 e-folds

30 e-folds

Mild Waterfall Case

11

MPBH ' M2
Pl

Hinf
e2Nwater = 104 g

✓
109 GeV

Hinf

◆
e2Nwater

Hybrid Inflation    - Yuichiro Tada - /29



Half & Half case and Massive PBH
Garcia-Bellido, Linde, Wands 1996 
Lyth 2010, 2012 
Bugaev, Klimai 2011, 2012 
Clesse, Garcia-Bellido 2015

…

Perturbations become large around φc 
because of the flatness of the potential. 

＋ 

Following inflation enlarges the 
perturbation scale to make PBH massive.

Martin, Vennin 2012
30 e-folds
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However the perturbative expansion breaks down around φc ……

Numerical calculation in non-perturbative way with Stochastic formalism!
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Stochastic formalism  Starobinsky 1986
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before Parameter Search
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µ1
Taylor expansion in mild case

There are still 4 parameters (Λ, M, φc, μ1) …
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Clesse & Garcia-Bellido 2015 Stochastic formalism

classical + lin. pert.

Both Nwater and Pζ are determined 

almost only by the combination 

Π2 := M2φc μ1/MPl4 

The peak of Pζ is @ φc 
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Parameter Search
Kawasaki, YT 2015
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2000 realizations per data point
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Parameter Search

Indeed Π2 plays key role beyond the pert. th. 

There are factor differences @ 〈δN2〉 

〈δN2〉 ≲ 0.01 corresponds with Π2 ≲ 10. 

→ Waterfall phase ≲ 5 e-folds

Inversely, if waterfall phase ≳ 5 e-folds, 

PBHs will be overproduced!!
2000 realizations per data point
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corresponding PBH scale

average over 2500 sample paths 
1000 realizations per data point
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κ < 0
The potential can have a flat inflection point
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The potential can have a flat inflection point
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ζ becomes maximal 
in the middle of new inflation 
irrespectively of pre-inflation
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κ < 0
The potential can have a flat inflection point
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κ > 0

• ζ is maximal 
at the beginning of new inflation 

• The precise value depends on 
pre-inflation
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κ < 0  - slow-roll approximation -
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Conclusions

In hybrid inflation, detectably massive PBHs are inevitably overproduced. 

In double inflation, PBH can be produced in any mass and in any abundance. 

Furthermore, if Hubble induced mass is canceled during oscillation phase,  

another peak can be made on 30M⊙. 

These scenario would be tested by CMB spectral dist. or secondary GW  

with future PIXIE/PRISM or SKA collaborations.

Conclusions    - Yuichiro Tada - /2929
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Stochastic-δN formalism  Fujita, Kawasaki, YT ,Takesako 2013
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In the single-field slow-roll case where ζ is almost Gaussian, 
our algorithm should be consistent with std. pert. th.
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Further analysis

• Vennin & Starobinsky 2015

PDE for fn(φi) := 〈Nn〉(φiin = φi)

in single-field inflation
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classicality criterion

• Assadullahi et al. 2016

if g := ∆v/|∇v|2 is a funtion only of v (harmonic),  

the problem boils down to solving ODE w.r.t. v
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Precise PBH abundance
PBH formation rate
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Double Inflation in Supergravity  (MPl = 1)
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Secondary GW
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