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われわれの宇宙は、大きくて
高齢で、豊かな階層構造を持つ

これら全ては、古典ビッグバン
宇宙論では大きな謎である

今日 138億年
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インフレーション宇宙論は以下全ての問題を解決

地平線問題
宇宙はなぜこんなに大きいのか?

平坦性問題
宇宙はなぜこんなに高齢なのか?

モノポール/残存物問題
統一理論の予言するエキゾチック粒子が無いのは何故か？

構造形成の起源
星・銀河・銀河団という階層構造の起源となった密度ゆらぎ

はどうやってできたのか？
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アインシュタイン方程式

の右辺において、宇宙が膨張してもあまり

減衰しないような、新種のエネルギー（スカラー場のポテンシャルエネ
ルギー）が支配的な寄与をすれば、指数関数的な膨張解が実現する。

地平線も曲率半径も指数関数的に大きくなる

Starobinsky (80) Sato (81) Guth (81)

2

2

8
3

a K G
a a

p ræ ö + =ç ÷
è ø

!

後でポテンシャルエネルギーを粒子のエネルギーに
転換して熱いビッグバン状態を作り出す（再加熱）

( ) :a t 宇宙のスケールファクター
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Einstein equation                  Field equation

If energy density is dominated by the potential, inflation occurs. 
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Einstein equation                  Field equation

If energy density is dominated by the potential, inflation occurs. 

φ

V[φ]

Leff

PlM
Leff

φ

V[φ]
slow-roll
large Hubble friction

flat potential

ポテンシャル最小点のまわりを振動
→粒子生成（ゼロモードの崩壊）

→再加熱＝ビッグバン

P r= -
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by quantum fluctuations.
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古典解は 、
のようになるが、実際には量子揺らぎ
により、場の進化は一様でなく、場所に
依存したズレが現れる。
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df How quantum fluctuations of a scalar field 
behave in exponentially expanding universe?



Quantum nature of the inflation driving field (inflaton) φ～
massless scalar field in the de Sitter spacetime

Mode function

is the appropriate solution.( )
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we find the mode function agrees with the one in Minkowski space
just as we don’t feel any effect of cosmic expansion on the Earth.

Bunch&Davies (1978), Vilenkin&Ford (1982), Linde (1982)



Quantum nature of the inflation driving field (inflaton) φ～
massless scalar field in the de Sitter spacetime

Mode function

is the appropriate solution.

In the long-wavelength (superhorizon) regime, we find

Multiplying the phase space density, its vacuum expectation value is
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Bunch&Davies (1978), Vilenkin&Ford (1982), Linde (1982)



量子場の真空のゼロ点振動

生成・消滅演算子

scale

H-1
インフレーション中

time

インフレーション中、ハッブル
ホライズンよりずっと短波長
の領域は、宇宙膨張を感じる
ことなく、そこには通常の
ミンコフスキー時空と同じよう
なゼロ点振動が常に存在する。

それがインフレーションによって引き延ばされ、長波長になる



インフレーションを起こすスカラー場φ の量子的性質～
De Sitter時空におけるmassless scalar field の振る舞い

Hubble time       毎に、
初期波長～ 、
振幅 の
揺らぎがつぎつぎと生成
し、宇宙膨張によって引
き延ばされていく。

H -1

dj p» H 2
H -1

time

scale

H-1

インフレーション中早くハッブルホライズンを出たモードは
引き延ばされてより長波長の揺らぎになる。

ほぼスケール不変なスペクトルを持った曲率揺らぎが生成する。
そのスケール依存性のべき指数（スペクトル指数）はスカラー場の
ポテンシャルの形状で決まる。
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1.指数関数的膨張時空における量子的生成

2.曲率ゆらぎ・密度ゆらぎの高次効果による生成



本題に入る前に、



∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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Additionally, a short instrumental noise transient
appeared in the LIGO-Livingston detector 1.1 s before
the coalescence time of GW170817 as shown in Fig. 2.
This transient noise, or glitch [71], produced a very brief
(less than 5 ms) saturation in the digital-to-analog converter
of the feedback signal controlling the position of the test
masses. Similar glitches are registered roughly once every
few hours in each of the LIGO detectors with no temporal
correlation between the LIGO sites. Their cause remains
unknown. To mitigate the effect on the results presented in
Sec. III, the search analyses applied a window function to
zero out the data around the glitch [72,73], following the
treatment of other high-amplitude glitches used in the
O1 analysis [74]. To accurately determine the properties
of GW170817 (as reported in Sec. IV) in addition to the
noise subtraction described above, the glitch was modeled
with a time-frequency wavelet reconstruction [75] and
subtracted from the data, as shown in Fig. 2.
Following the procedures developed for prior gravita-

tional-wave detections [29,78], we conclude there is no
environmental disturbance observed by LIGO environmen-
tal sensors [79] that could account for the GW170817
signal.
The Virgo data, used for sky localization and an

estimation of the source properties, are shown in the
bottom panel of Fig. 1. The Virgo data are nonstationary
above 150 Hz due to scattered light from the output optics
modulated by alignment fluctuations and below 30 Hz due
to seismic noise from anthropogenic activity. Occasional
noise excess around the European power mains frequency
of 50 Hz is also present. No noise subtraction was applied
to the Virgo data prior to this analysis. The low signal
amplitude observed in Virgo significantly constrained the
sky position, but meant that the Virgo data did not
contribute significantly to other parameters. As a result,
the estimation of the source’s parameters reported in
Sec. IV is not impacted by the nonstationarity of Virgo
data at the time of the event. Moreover, no unusual
disturbance was observed by Virgo environmental sensors.
Data used in this study can be found in [80].

III. DETECTION

GW170817 was initially identified as a single-detector
event with the LIGO-Hanford detector by a low-latency
binary-coalescence search [81–83] using template wave-
forms computed in post-Newtonian theory [11,13,36,84].
The two LIGO detectors and the Virgo detector were all
taking data at the time; however, the saturation at the LIGO-
Livingston detector prevented the search from registering a
simultaneous event in both LIGO detectors, and the low-
latency transfer of Virgo data was delayed.
Visual inspection of the LIGO-Hanford and LIGO-

Livingston detector data showed the presence of a clear,
long-duration chirp signal in time-frequency representations
of the detector strain data. As a result, an initial alert was

generated reporting a highly significant detection of a binary
neutron star signal [85] in coincidence with the independ-
ently observed γ-ray burst GRB 170817A [39–41].
A rapid binary-coalescence reanalysis [86,87], with the

time series around the glitch suppressed with a window
function [73], as shown in Fig. 2, confirmed the presence of
a significant coincident signal in the LIGO detectors. The
source was rapidly localized to a region of 31 deg2,
shown in Fig. 3, using data from all three detectors [88].
This sky map was issued to observing partners, allowing
the identification of an electromagnetic counterpart
[46,48,50,77].
The combined SNR of GW170817 is estimated to be

32.4, with values 18.8, 26.4, and 2.0 in the LIGO-Hanford,

FIG. 2. Mitigation of the glitch in LIGO-Livingston data. Times
are shown relative to August 17, 2017 12∶41:04 UTC. Top panel:
A time-frequency representation [65] of the raw LIGO-Living-
ston data used in the initial identification of GW170817 [76]. The
coalescence time reported by the search is at time 0.4 s in this
figure and the glitch occurs 1.1 s before this time. The time-
frequency track of GW170817 is clearly visible despite the
presence of the glitch. Bottom panel: The raw LIGO-Livingston
strain data (orange curve) showing the glitch in the time domain.
To mitigate the glitch in the rapid reanalysis that produced the sky
map shown in Fig. 3 [77], the raw detector data were multiplied
by an inverse Tukey window (gray curve, right axis) that zeroed
out the data around the glitch [73]. To mitigate the glitch in the
measurement of the source’s properties, a model of the glitch
based on a wavelet reconstruction [75] (blue curve) was sub-
tracted from the data. The time-series data visualized in this figure
have been bandpassed between 30 Hz and 2 kHz so that the
detector’s sensitive band is emphasized. The gravitational-wave
strain amplitude of GW170817 is of the order of 10−22 and so is
not visible in the bottom panel.
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GW170817：初の連星中性子星合体観測
LIGOの６つのリアルタイム解析
パイプラインのうち、検出に成功
したのはKipp CannonらのGstLALのみ

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of

1.7 s_ with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky
region of 31 deg2 at a luminosity distance of 40 8

8
�
� Mpc and with component masses consistent with neutron stars. The

component masses were later measured to be in the range 0.86 to 2.26 M:. An extensive observing campaign was
launched across the electromagnetic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the IAU identification of AT 2017gfo) in NGC 4993 (at 40 Mpc_ ) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (1M2H) team using the 1 m Swope Telescope. The optical transient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ∼10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position 9_ and 16_ days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV/optical/near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.

Key words: gravitational waves – stars: neutron

1. Introduction

Over 80 years ago Baade & Zwicky (1934) proposed the idea
of neutron stars, and soon after, Oppenheimer & Volkoff (1939)
carried out the first calculations of neutron star models. Neutron
stars entered the realm of observational astronomy in the 1960s by
providing a physical interpretation of X-ray emission from
ScorpiusX-1(Giacconi et al. 1962; Shklovsky 1967) and of
radio pulsars(Gold 1968; Hewish et al. 1968; Gold 1969).

The discovery of a radio pulsar in a double neutron star
system by Hulse & Taylor (1975) led to a renewed interest in
binary stars and compact-object astrophysics, including the

development of a scenario for the formation of double neutron
stars and the first population studies (Flannery & van den Heuvel
1975; Massevitch et al. 1976; Clark 1979; Clark et al. 1979;
Dewey & Cordes 1987; Lipunov et al. 1987; for reviews see
Kalogera et al. 2007; Postnov & Yungelson 2014). The Hulse-
Taylor pulsar provided the first firm evidence(Taylor &
Weisberg 1982) of the existence of gravitational waves(Einstein
1916, 1918) and sparked a renaissance of observational tests of
general relativity(Damour & Taylor 1991, 1992; Taylor et al.
1992; Wex 2014). Merging binary neutron stars (BNSs) were
quickly recognized to be promising sources of detectable
gravitational waves, making them a primary target for ground-
based interferometric detectors (see Abadie et al. 2010 for an
overview). This motivated the development of accurate models
for the two-body, general-relativistic dynamics (Blanchet et al.
1995; Buonanno & Damour 1999; Pretorius 2005; Baker et al.
2006; Campanelli et al. 2006; Blanchet 2014) that are critical for
detecting and interpreting gravitational waves(Abbott et al.
2016c, 2016d, 2016e, 2017a, 2017c, 2017d).
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Strong Constraints on Cosmological Gravity from GW170817 and GRB 170817A
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The detection of an electromagnetic counterpart (GRB 170817A) to the gravitational-wave signal
(GW170817) from the merger of two neutron stars opens a completely new arena for testing theories of
gravity. We show that this measurement allows us to place stringent constraints on general scalar-tensor and
vector-tensor theories, while allowing us to place an independent bound on the graviton mass in bimetric
theories of gravity. These constraints severely reduce the viable range of cosmological models that have
been proposed as alternatives to general relativistic cosmology.
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Introduction.—The advanced Laser Interferometer
Gravitational Observatory (aLIGO) and the VIRGO inter-
ferometer, have recently announced the detection of gravi-
tational waves (GW170817) from the merger of a neutron
star (NS) binary located near NGC 4993 [1]. A γ-ray burst
(GRB 170817A), occurring within 1.7 sec, and in the
vicinity, of GW170817, was observed by the Fermi
Gamma-ray Burst Monitor, and the Anti-Coincidence
Shield for the Spectrometer for the International
Gamma-Ray Astrophysics Laboratory [2,3]. There is
strong evidence that this event is an electromagnetic
counterpart to the NS-NS merger [4,5]. Comparing the
travel time of light and gravitational waves (GW), we can
place stringent constraints on cosmological gravity, and
cosmology more generally [6–14].
We will assume that constraints on Lorentz violation in

the electromagnetic sector are sufficiently strong that the
speed of light is c ¼ 1. In vacuum, Lorentz symmetry
implies that all massless waves propagate at the speed of
light. However, when a medium is present, Lorentz
symmetry is spontaneously violated and propagation
speeds can differ. Alternative theories of gravity, directly
coupling extra degrees of freedom (d.o.f.) to curvature,
provide such a medium when the new d.o.f. takes a
configuration that defines a preferred direction (such as
the time direction in cosmology). The action for linearized
gravitational waves in such a medium takes the form

Sh ¼
1

2

Z
d3xdtM2

"½ _h2A − c2Tð∇hAÞ2&: ð1Þ

We have decomposed the metric as gαβ ¼ ηαβ þ hαβ—with
ηαβ the Minkowski metric—by choosing locally inertial
coordinates with time chosen to be the direction defined by
the medium. We have expanded hαβ in polarization states
εA, with amplitudes hA, where A ¼ ×;þ. M" is the

effective Planck mass, which in media provided by alter-
native gravity theories can differ from the standard MP. cT
is the speed of gravitational waves; we will find it
convenient to parametrize this as [15],

c2T ¼ 1þ αT: ð2Þ

In principle, αT could adopt either positive or negative
values. However, negative values (cT < c) are constrained
to αT > −10−15 by a lack of observed gravi-Čerenkov
radiation from cosmic rays [16]. Up to now, the only upper
bound on the propagation of GWs comes from measuring
the travel time between the two detectors of aLIGO, and is
αT < 0.42 [17,18].
In the regime we are considering (a gravitational wave

propagating in effectively empty space, other than the
medium provided by the new d.o.f.) the linearized action
(1) is sufficient. It is conceivable (but unlikely) that there
may be some exotic behavior close to the GW sources, in
regions of strong gravity (for example, as occurs with the
screening of scalar forces) that leads to nonlinear correc-
tions. Such effects could alter GW production, but will have
no bearing on the gravitational-wave propagation during
the bulk of its travel time. Also, though Eq. (1) is valid for a
wide range of gravitational theories, it does not encompass
bimetric theories.
Constraint on tensor speed excess.—Let us illustrate

how aLIGO and the Fermi monitor have obtained the
constraint in Ref. [1]. We consider the geometric optics
limit of Eq. (1) so that cT is indeed the speed of
gravitational waves. Let ts be the time of emission for
both the gravitational waves and photons; there can be a
delay of up to 1000 sec which will not change our
conclusions. Let tT be the merger time identified in the
gravitational-wave train, and tc be the measured peak
brightness time in the optical signal. The transit distance
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Dark Energy after GW170817 and GRB170817A
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The observation of GW170817 and its electromagnetic counterpart implies that gravitational waves
travel at the speed of light, with deviations smaller than a few × 10−15. We discuss the consequences of this
experimental result for models of dark energy and modified gravity characterized by a single scalar degree
of freedom. To avoid tuning, the speed of gravitational waves must be unaffected not only for our particular
cosmological solution but also for nearby solutions obtained by slightly changing the matter abundance.
For this to happen, the coefficients of various operators must satisfy precise relations that we discuss both in
the language of the effective field theory of dark energy and in the covariant one, for Horndeski, beyond
Horndeski, and degenerate higher-order theories. The simplification is dramatic: of the three functions
describing quartic and quintic beyond Horndeski theories, only one remains and reduces to a standard
conformal coupling to the Ricci scalar for Horndeski theories. We show that the deduced relations among
operators do not introduce further tuning of the models, since they are stable under quantum corrections.

DOI: 10.1103/PhysRevLett.119.251302

Introduction.—The association of the GW170817 [1] and
GRB170817A [2] events allowed one to make an extraor-
dinarily precise measurement of the speed of gravitational
waves (GWs): it is compatible with the speed of light with
deviations smaller than a few × 10−15 [3]. This measure-
ment dramatically improves our understanding of dark
energy and modified gravity. These scenarios are charac-
terized by a cosmological “medium” which interacts gravi-
tationally with the rest of matter. This medium, at variance
with a simple cosmological constant, spontaneously breaks
Lorentz invariance so that there is no a priori reason to
expect that gravitational waves, which are an excitation of
this medium, travel at the same speed as photons [4,5].
The measurement is of particular relevance since it

probes the speed of GWs over cosmological distances.
The change of speed might be locally reduced in high
density environments, but it is difficult to believe that this
screening effect can persist over distances of order 40 Mpc.
Moreover, one has to stress that this is a low-energy
measurement, at a scale as low as 10 000 km. For such
a low energy, one should be allowed to use the effective
field theory (EFT) of dark energy or modified gravity
which applies to cosmological scales. Actually, in the
theories we are going to study, the cutoff may be of the
same order as the measured GW momentum and high-
dimension operatorsmay play some role; however, one does
not expect that high-energy corrections conspire to com-
pletely cancel the modification of the GW speed. On the
other hand, previous stringent limits from gravitational
Cherenkov radiation of cosmic rays [6] are only applicable
to high-energy GWs, well outside the regime of validity of
the EFTs describing dark energy and modified gravity.
Moreover, these bounds only apply to GWs traveling faster,
and not slower, than light. For other limits, see Refs. [7–10].

With these caveats in mind, in this Letter we want to
explore what the consequences are of this measurement in
the context of the EFT of dark energy [11–13] and in its
covariant counterpart, the Horndeski [14,15] and the
beyond Horndeski theories [16] (see, also, Ref. [17]). If
we impose that the absence of an effect is robust under tiny
variations of the cosmological history—say, a small varia-
tion of the dark matter abundance—we find that one needs
precise relations among the various coefficients of the
operators. This allows us to derive the most general scalar-
tensor theory compatible with GWs traveling at the speed
of light. Since the required relations must be satisfied with
great accuracy, given the experimental precision, one needs
to understand whether they are radiatively stable. We will
see that they are stable under quantum corrections due to
the nonrenormalization properties of these theories.
Consequences for the EFT of dark energy.—The EFTof

dark energy is a convenient way to parametrize cosmologi-
cal perturbations around a Friedmann-Robertson-Walker
(FRW) solution with a preferred slicing induced by a time-
dependent background scalar field. For the time being, we
assume that matter is minimally coupled to the gravitational
metric; we will come back to this point later on.
Expanded around a FRW background ds2 ¼ −dt2 þ

a2ðtÞdx⃗2 and written in a gauge where the time coincides
with uniform field hypersurfaces, the EFT action reads

S ¼
Z

d4x
ffiffiffiffiffiffi−gp

"
M2

%
2

fð4ÞR − Λ − cg00 þm4
2

2
ðδg00Þ2

−
m3

3

2
δKδg00 −m2

4δK2 þ
~m2
4

2
δg00R −

m2
5

2
δg00δK2

−
m6

3
δK3 − ~m6δg00δG2 −

m7

3
δg00δK3

#
: ð1Þ
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Implications of the Neutron Star Merger GW170817
for Cosmological Scalar-Tensor Theories
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The LIGO and VIRGO Collaborations have recently announced the detection of gravitational waves
from a neutron star–neutron star merger (GW170817) and the simultaneous measurement of an optical
counterpart (the γ-ray burst GRB 170817A). The close arrival time of the gravitational and electromagnetic
waves limits the difference in speed of photons and gravitons to be less than about 1 part in 1015. This has
three important implications for cosmological scalar-tensor gravity theories that are often touted as dark
energy candidates and alternatives to the Λ cold dark matter model. First, for the most general scalar-tensor
theories—beyond Horndeski models—three of the five parameters appearing in the effective theory of dark
energy can now be severely constrained on astrophysical scales; we present the results of combining the
new gravity wave results with galaxy cluster observations. Second, the combination with the lack of strong
equivalence principle violations exhibited by the supermassive black hole in M87 constrains the quartic
galileon model to be cosmologically irrelevant. Finally, we derive a new bound on the disformal coupling to
photons that implies that such couplings are irrelevant for the cosmic evolution of the field.
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The terms dark energy and modified gravity are closely
connected at the most general level; all but the simplest
alternatives to the Λ cold dark matter (ΛCDM) model
typically invoke some modification of general relativity
(GR) (see [1–5] for reviews). The most widely studied of
these are scalar-tensor theories where a new scalar ϕ
mediates an additional gravitational interaction between
matter that is suppressed in the solar system by screening
mechanisms (see [6–9] for reviews) but that becomes
relevant on cosmological scales. This has motivated an
intense theoretical effort towards finding the most general
scalar-tensor theory that is pathology free, and the modern
approach to dark energy model building can be epitomized
by the class of models called beyond Horndeski (BH)
[10,11]. BH theories are a complete and general framework
for constructing dark energy and modified gravity models
(including commonly studied paragons for modified grav-
ity such as chameleons [12] and galileons [13]), many of
which can accelerate without a cosmological constant (self-
accelerate). They are therefore viewed as alternatives to the
ΛCDM cosmological model and there is much effort
focused on how well upcoming cosmological surveys will
constrain them [14].
BH theories make a striking prediction: the speed of

gravitational waves in the cosmological background differs
in general from the speed of light [15–18]. Recently, the
LIGO and VIRGO consortium has announced the observa-
tion of neutron star merger GW170817 [19], a neutron star–
neutron starmerger that has been localized to the galaxyNGC
4993, about 40 Mpc from the Milky Way. The simultaneous
observation of an optical counterpart (the γ-ray burst GRB

170817A) by the Fermi γ-ray telescope [20] and several
optical telescopes [21] implies that the two speeds can differ
by at most 1 part in 1015, more specifically jc2T − c2j=
c2 ≤ 6 × 10−15, where cT is the speed of gravitational waves
and c is the speed of light. (This limit comes from the time lag
between the LIGO and Fermi detections; note that the sign is
unknown due to uncertainties in the photon generation
mechanism during the merger [20].) Previously, the lack
of any observed gravi-Čerenkov radiation at Large Electron
Positron (LEP) collider constrained this ratio to be > 10−15

[22,23] and the LIGO-Fermi observation has closed this
window from the other sidewith the same precision. This has
severe implications for cosmological scalar-tensor theories
that we delineate in this Letter.
Cosmologically, deviations for ΛCDM that fall into the

BH class of models can be parameterized by five free
functions of time fαM; αK; αB; αH; αTg [16,24]. These are
typically referred to as the effective theory of dark energy
[25–27], and constraining both their values and their cos-
mological time dependence is one of the goals of upcoming
dark energy missions such as Dark Energy Spectroscopic
Instrument, Large Synoptic Survey Telescope, Euclid, and
the Wide Field Infrared Survey Telescope (see [14] for
example). The first describes the running of the Planck mass
and the second the kinetic term for the scalar; we will not
discuss these here. The third,αB, describes the kineticmixing
of the scalar and graviton, and the fourth, αH, describes the
so-called disformal properties of the theory [28–32]. The
fifth, αT ¼ ðc2T − c2Þ=c2, is none other than the fractional
difference between the speed of gravitons and photons.
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Multimessenger gravitational-wave (GW) astronomy has commenced with the detection of the binary
neutron star merger GW170817 and its associated electromagnetic counterparts. The almost coincident
observation of both signals places an exquisite bound on the GW speed jcg=c − 1j ≤ 5 × 10−16. We use this
result to probe the nature of dark energy (DE), showing that a large class of scalar-tensor theories and DE
models are highly disfavored. As an example we consider the covariant Galileon, a cosmologically viable,
well motivated gravity theory which predicts a variable GW speed at low redshift. Our results eliminate any
late-universe application of these models, as well as their Horndeski and most of their beyond Horndeski
generalizations. Three alternatives (and their combinations) emerge as the only possible scalar-tensor DE
models: (1) restricting Horndeski’s action to its simplest terms, (2) applying a conformal transformation
which preserves the causal structure, and (3) compensating the different terms that modify the GW speed
(to be robust, the compensation has to be independent on the background on which GWs propagate).
Our conclusions extend to any other gravity theory predicting varying cg such as Einstein-Aether, Hořava
gravity, Generalized Proca, tensor-vector-scalar gravity (TEVES), and other MOND-like gravities.
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Probing dark energy with GWs.—Multimessenger gravi-
tational-wave (GW) astronomy became a reality with the
detection of a binary neutron star (BNS) merger with GWs
by LIGO-VIRGO Collaboration (GW170817) [1] and sub-
sequently with different electromagnetic (EM) counterparts
by Fermi [2] and a range of observatories across the
spectrum [3]. This extraordinary discovery has many poten-
tial applications to test the astrophysics of BNS mergers [4],
the fundamentals of gravity in the strong regime [5], and
cosmic expansion [6]. In this Letter, we present the impli-
cations that this measurement has for the nature of dark
energy (DE) and tests of General Relativity (GR).
The present cosmic acceleration is probably one of the

greatest challenges in modern physics. Leaving the theo-
retical fine tuning issues aside [7], a cosmological constant
is the leading candidate to explain this acceleration since it
is fully consistent with observations [8]. Alternative sce-
narios that explain DE dynamically require either addi-
tional degrees of freedom (beyond the massless spin-2 field
of GR) or a low-energy violation of fundamental principles,
such as locality [9]. The extremely low energy scale for
DE requires additional degrees of freedom to be hidden on
small scales by a screening mechanism [10], which also
suppresses their rate of emission as additional gravitational-
wave polarizations [11].
New fields coupled to gravity can affect the propagation

speed of the standard GW polarizations, as measured by
GW170817 and its counterparts [12]. Anomalous GW

speed can be used to test even screened theories, as signals
from extra-galactic sources probe unscreened, cosmologi-
cal scales. In addition, effects on GW propagation accu-
mulate over the travel time of the signals, amplifying their
magnitude and yielding an impressive sensitivity. GW
astronomy is therefore the most powerful tool to test
models that modify GW propagation.
Some of the most interesting dark energy models predict

an anomalous GW speed and are ruled out by GW170817.
These include cosmologically viable, screened and self-
accelerating models, like the covariant Galileon [13,14], or
proposals to solve the cosmological constant problem like
the self-tuning Lagrangians [15]. We will describe the
implications of GW170817 on these and other DE models,
determining which of them remain viable after this dis-
covery. We will focus on gravity theories with just one
additional mode, a scalar field, working in the framework
of Horndeski [16] and beyond Horndeski [17], Gleyzes-
Langlois-Piazza-Vernizzi (GLPV) [18,19], and degenerate
higher-order scalar-tensor (DHOST) [20–23] theories.
Nevertheless, our analysis can be extended to theories
with more degrees of freedom, such as massive gravity
[24], Einstein-Aether theories [25], Hořava gravity [26], or
tensor-vector-scalar gravity (TEVES) [27].
GW170817 and its counterparts.—On August 17, 2017,

the LIGO-VIRGO Collaboration detected the first BNS
merger, GW170817 [1]. This event was followed-up
by a short γ ray burst (SGRB), GRB170817A, seen just
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それに基づいて修正重力理論を制限する同工異曲
の論文が四つ連続してPhys.Rev.Lett.に掲載された
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私も考えたのですが、、、
最も一般的なスカラー
テンソル理論での重力波
伝播公式を２０１１年に
導出していたので
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G4X = 0,  G5φ = 0,  G5X = 0

この観測を契機に、ヨーロッパでは修正重力理論の研究がスッカリ萎ん
でしまったそうですが、この制限は、連星中性子星合体から当地まで
のごく最近の宇宙における制限に過ぎないので、インフレーション中の
物理には一切影響しません。

私も考えたのですが、、、
最も一般的なスカラー
テンソル理論での重力波
伝播公式を２０１１年に
導出していたので

４つのPRL論文の結論はいずれも、われわれの公式で

という自明なものでしかなかった、、、





1.指数関数的膨張時空における量子的生成

今日は時間もないのでとりあえずアインシュタイン重力
を考えることにします



ij ij ijh h he e+ ´
+ ´= + transverse

-traceless

重力波の２つのモードは２つの質量ゼロのスカラー場と同様の振舞

massless Klein-Gordon 方程式を満たす

Quantization in De Sitter background yields nearly 
scale-invariant long-wave perturbations during inflation.

Starobinsky (1979)
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指数関数的膨張宇宙での量子的重力波生成を示した
1979年。インフレーション宇宙論が出るより前!!
A.スタロビンスキー（ビッグバン宇宙国際研究センター永年客員教授）



スタロビンスキー(1979)の動機：

ビッグバン以前の宇宙の様子を知りたい

熱い火の玉宇宙： （ほぼ）熱平衡状態
相互作用のごく弱い粒子のみ、
初期状態の記憶をとどめている

ということでグラビトンに注目した

フリードマン宇宙になる前は、量子論的に考えて
対称性のよい状態だっただろう（量子宇宙論の魁）

ということでド・ジッター時空を考えた

結果的にインフレーション宇宙におけるテンソルゆらぎの
量子的生成を考えたことになった



テンソルゆらぎの超低周波成分はCMBの
B-mode 偏光のゆらぎによって観測できる

• Polarization is generated by quadrupole temperature anisotropy.
• E-mode from both scalar (density) and tensor perturbations.
• B-mode only from tensor perturbations.

E mode

B mode

重力波揺らぎと曲率揺らぎの比
（テンソル・スカラー比）
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sn r- diagram prefers concave potentials to convex ones.
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Inflation models with convex potential like chaotic 
inflation are disfavored to the level of >95%.



LiteBIRDによって
まで上限を下げることができる

0.002r <

LiteBIRD: Light satellite for the studies of
B-mode polarization and Inflation from 
cosmic background Radiation Detection

2008年9月 working group proposal

2016年9月 宇宙科学研究所Phase-A1開始
2019年5月 戦略的中型２号機に選定！

https://litebird.isas.jaxa.jp/

LiteBIRDによってテンソルスカラー比が測定できれば、
インフレーションのエネルギースケールが決定でき、
インフレーションがいつ起こったかがわかる！
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Density parameter in GW per logarithmic frequency interval 
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When the mode reentered the Hubble horizon at            ,
the angular frequency is equal to                      , so we find
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Radiation dominated era:  constant
Field oscillation dominated era:  decreases 1( )a t-µ

High frequency modes which entered the Hubble radius in the
field oscillation regime acquires a suppression             . 2f -µ

We may determine the equation of state in the early Universe.
We may determine thermal history of the early Universe.

N. Seto & JY (03), Boyle & Steinhardt (08), Nakayama, Saito, Suwa, JY (08), Kuroyanagi et al (11)
Jinno, Moroi, Takahashi (14)



Sensitivity curves of various
specifications of DECIGO
with or without correlation 
analysis

RT : 再加熱温度
ビッグバンの時の
宇宙の温度

Nakayama, Saito, Suwa, JY (08)



DECIGO: DECi-hertz Interferometer Gravitational wave 
Observatory
N. Seto, S. Kawamura, & T. Nakamura, PRL 87(2001)221103

Specifications Original Upgraded     Upshifted     

Arm length： L=1000 km   1500km      1500km
Mirror Diameter： R=0.5 m        0.75m
Mirror Mass： M=100 kg
Laser Wavelength： λ=532 nm                     157nm

Laser Power： P=10 W          30W          300W
Finesse： F=10

Kuroyanagi, Nakayama, & JY (2015)               



ビッグバン宇宙国際研究センターのプロジェクトとしてDECIGO
の前哨計画であるB-DECIGOの成立性を３年計画で検討中
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Roadmap
2007 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

M
ission

O
bjectives

Test of key technologies Detection of GW w/ 
minimum spec.
Test FP cavity 
between S/C

Full GW astronomy

Scope

1 S/C
1 arm

3 S/C
1 interferometer

3 S/C,
3 interferometer
3 or 4 units

DICIGO Pathfinder
(DPF) Pre-DECIGO

DECIGO

R&D
Fabrication

R&D
Fabrication

R&D
Fabrication

DPF working group was 
formally approved by 
JAXA/ISAS ￥7.5M © S. Kawamura

2009年11月の講演より







1.指数関数的膨張時空における量子的生成

2.曲率ゆらぎ・密度ゆらぎの高次効果による生成



右辺のソースタームは線形曲率ゆらぎの二次からなる :

摂動入り計量: Scalar modes:         and         ;   Tensor modes       .F Y ijh

TTゲージの重力波(                    ) すなわちテンソルゆらぎの従う方程式

F =Y

( )a h hµ 放射優勢宇宙では共形時間ηに比例

0i i
i j ih h¶ = =

曲率ゆらぎの振幅は大スケールでは10-5なので、ほぼスケール不変なスペクトル
なら、この二次の効果は小さな重力波しか生成しない。しかし、原始ブラックホール
をつくるような特定のスケールで大きな振幅を持っている場合は、特定の周波数
の重力波が生成される。

(Mollerach,Harari,& Matarrese 04, Ananda,Clarkson,& Wands 07, Baumann,Steinhardt,Takahashi,& Ichiki 07)

(Saito & JY 09,… Kohri & Terada 18)



Formation of Primordial
Black Holes (PBHs) on
a specific mass scale.

Kawaguchi,Kawasaki,Takayama,
Yamaguchi,&JY 08

CMB & LSS

Large curvature
fluctuation resulting 
in PBH formation

Large 2nd order
tensor fluctuations

Density/curvature fluctuations have 
a large amplitude on a specific scale.

BHM » horizon mass when the peak entered
the Hubble radius

Gravitational waves 
(tensor perturbations) 
generated from second-
order density/curvature 
fluctuations are significant.





Constraints on non-evaporated PBHs with 145 10M M g*> = ´
Fraction of cold dark matter occupied by PBHs

PBH CDMW = W
Hawking
radiation

Grav.
lensing

Dynamical

Large scale
structure

Accretion

Carr, Kohri, Sendouda, JY Rept.Prog.Phys. 84 (2021) 11
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観測時間が伸びる
とこちらも制限できる



パルサーの周期擾乱を用いた重力波の観測で
原始ブラックホール説を棄却できる！

LIGOとVirgoの見つけたブラックホールの正体が
原始ブラックホールならPTAは重力波を発見する！



アメリカのパルサータイミングアレイ NANOGravが重力波と無矛盾
な信号をみつけた!?

PBHの尻尾をつかんだとは言えない
（逆は真ならずだから）



スペースレーザー干渉計B-DECIGOができたら区別できる！

30太陽質量のブラックホール
連星を初代天体がないような
高赤方偏移まで検出できる。
それによって原始ブラック
ホール説を検証できる。

B-DECIGO

B-DECIGO



結語

重力波宇宙論については近年非常に多くの理論研究がなされている
(e.g. 藤田くんの受賞研究：SU(2)ゲージ場を用いたテンソルゆらぎ生成）

観測的検証

• LiteBIRDでB-モード偏光を検出し、インフレーションがいつ

起こったかを決定して欲しい(Mixed Higgs-R2 inflationを検証して欲しい！）

• B-DECIGOによってLIGO-Virgoの検出したブラックホールの
起源を明らかにして欲しい

• DECIGOによってビッグバンがいつ起こったかを決定して欲しい

KAGRAの成功なくしてDECIGO
の実現はありえない。
ビッグプロジェクトとしての困難に
正面から取り組まない限り途は
開けない。




