
一般相対論とその拡張

小林 努

第31回 理論懇シンポジウム「宇宙物理の標準理論：未来へ向けての再考」



一般相対論は学部4年生でも知っているので
今さら説明する必要はないですね。。。

宇宙物理理論の研究室の「標準カリキュラム」 
・4年生 ‒ 場の古典論 
・M1 ‒ Wald



• 現状、一般相対論で特に問題はない 
• 困るのは、ロマンがないことぐらい

• なぜ「標準理論」を拡張したいのか？ 
• この分野の近年の動向 
• どの非標準(拡張)理論が生き残っているのか

・・・という話をします。



Plan

なぜ修正重力？ 

重力を拡張(修正)するとは？ 

“まとも”な重力理論に要請されること 

近年の研究の動向 ‒‒ Horndeski & beyond 

GW170817以降の修正重力 

まとめ
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動機1: 宇宙の加速膨張
宇宙項で説明できるが、修正重力でも説明できる 

起源がわからないので、あり得る可能性は検討したい

Planck



動機2: 一般相対論は“低エネルギー
有効理論”であると考えられる

高エネルギー/強重力、どこかで一般相対論による記述
は悪くなるはず (プランクスケールかもしれないが) 

量子重力は万人の夢 

初期宇宙/ブラックホールに痕跡があるかもしれない



動機3: 一般相対論のテスト
太陽系実験、天文学的観測、宇宙論的観測、重力波、、、 

一般相対論のテストをするためには比較相手が必要 

「理論/モデルの相対化」は科学として健全な態度



動機4: インフレーション
観測とよく合うモデルは“修正重力”インフレーション 

インフラトンと重力場の相互作用は「標準的」でない
可能性が高い

Planck Collaboration: Constraints on Inflation
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Fig. 8. Marginalized joint 68 % and 95 % CL regions for ns and r at k = 0.002 Mpc�1 from Planck alone and in combination with
BK14 or BK14 plus BAO data, compared to the theoretical predictions of selected inflationary models. Note that the marginalized
joint 68 % and 95 % CL regions assume dns/d ln k = 0.

limits obtained from a ⇤CDM-plus-tensor fit. We refer the inter-
ested reader to PCI15 for a concise description of the inflationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

– The inflationary predictions (Mukhanov & Chibisov 1981;
Starobinsky 1983) originally computed for the R2 model
(Starobinsky 1980) to lowest order,

ns � 1 ' �
2
N
, r '

12
N2 , (48)

are in good agreement with Planck 2018 data, confirm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49 < N⇤ < 58 is compatible with the R2 ba-
sic predictions N⇤ = 54, corresponding to Treh ⇠ 109 GeV
(Bezrukov & Gorbunov 2012). A higher reheating temper-
ature Treh ⇠ 1013 GeV, as predicted in Higgs inflation
(Bezrukov & Shaposhnikov 2008), is also compatible with
the Planck data.

– Monomial potentials (Linde 1983) V(�) = �M4
Pl (�/MPl)p

with p � 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/3
(Silverstein & Westphal 2008; McAllister et al. 2010, 2014)
are more compatible with the data.

– There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(�) in single-field inflationary models. Important exam-
ples are a subluminal inflaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov 1999), a non-
minimal coupling to gravity (Spokoiny 1984; Lucchin et al.

1986; Salopek et al. 1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inflaton due to dissipation in
other degrees of freedom, as in warm inflation (Berera 1995;
Bastero-Gil et al. 2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(�)R with F(�) = M2

Pl + ⇠�
2. To be more specific, a quartic

potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inflaton as seen from
Table 5, can be reconciled with Planck and BK14 data for
⇠ > 0: we obtain a 95 % CL lower limit log10 ⇠ > �1.6 with
ln B = �1.6.

– Natural inflation (Freese et al. 1990; Adams et al. 1993) is
disfavoured by the Planck 2018 plus BK14 data with a Bayes
factor ln B = �4.2.

– Within the class of hilltop inflationary models
(Boubekeur & Lyth 2005) we find that a quartic poten-
tial provides a better fit than a quadratic one. In the quartic
case we find the 95 % CL lower limit log10(µ2/MPl) > 1.1.

– D-brane inflationary models (Kachru et al. 2003; Dvali et al.
2001; Garcı́a-Bellido et al. 2002) provide a good fit to
Planck and BK14 data for a large portion of their parame-
ter space.

– For the simple one parameter class of inflationary potentials
with exponential tails (Goncharov & Linde 1984; Stewart
1995; Dvali & Tye 1999; Burgess et al. 2002; Cicoli et al.
2009) we find ln B = �1.0.

– Planck 2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = �5.0.
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動機5: 重力を深く理解したい
純粋に理論的な興味であったとしても・・・ 

Massive spin-2理論の構築を試みることで、massless 
spin-2理論がどう特別なのか理解できる 

高次元時空を研究することで、4次元時空(の特殊性)をさら
に深く理解できる 

宇宙物理・天文とは直接の関係がなくても、 
物理(場の理論、幾何学、、、)としては面白 
いこともある



なぜ修正重力？ 

重力を拡張(修正)するとは？ 

“まとも”な重力理論に要請されること 

近年の研究の動向 ‒‒ Horndeski & beyond 

GW170817以降の修正重力 

まとめ
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Lovelockの定理 (1971, 1972)

4次元 

ラグランジアン密度は 
計量だけに依存: 

2階の運動方程式

L[gµ⌫ ]
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一般相対論 (+宇宙項)

L =
1

16⇡G
(R� 2⇤)
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計量以外の場(スカラー場、ベクトル場、テンソル場、、、)
を導入する

スカラー・テンソル理論 
ベクトル・テンソル理論 
etc.
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高次元　　　

高次元空間の“体積”は 
4次元から見たら新しい場



Lovelockの定理 (1971, 1972)

4次元 

ラグランジアン密度は 
計量だけに依存: 

2階の運動方程式

L[gµ⌫ ]
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高階の運動方程式　　　新しい場を導入するのと同じ

....
x +

...
x + ẍ+ · · · = 0
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ÿ + ẏ + · · · = 0
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例:        重力　　　　　スカラー・テンソル理論f(R)
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スカラー・テンソル理論
多くの修正重力理論は、少なくともeffectiveにはスカラー・テンソル
理論で記述される: 

テンソル自由度2 (重力波の+とx) + スカラー自由度1 

スカラー場が曲率ないしは物質と(重力と同じ　　　 で) 
非最小結合することで重力が修正される:

L = L[gµ⌫ ,�]
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     がいると、  
　　だけでなく 
　も励起される
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“まとも”な重力
(加速膨張を実現するとか、そういう目的にかなうことは当然として…) 

然るべき極限で一般相対論/標準宇宙論を再現する 

ニュートン重力、太陽系実験 (post-Newtonian)、重力波 

CMB etc. 

Ostrogradskyゴーストがない 
(安定性、後述) 

宇宙論解(などこの世に安定に存在しているものを表す解) 

が安定 

etc.

Consistent, healthy, viable, …



“まとも”な重力
(加速膨張を実現するとか、そういう目的にかなうことは当然として…) 

然るべき極限で一般相対論/標準宇宙論を再現する 

ニュートン重力、太陽系実験 (post-Newtonian)、重力波 

CMB etc. 

Ostrogradskyゴーストがない 
(安定性、後述) 

宇宙論解(などこの世に安定に存在しているものを表す解) 

が安定 

etc.

Consistent, healthy, viable, …

初期宇宙に適用するならどうでもよい要請

初期宇宙でも重要な要請



スクリーニング機構
スカラー自由度が励起されていると、光の曲がりなどに抵触 

物体のまわりでスカラー自由度を“隠す”必要 

スクリーニングの2つのアイデア: 物体のまわりで… 

i. Effectively massive 

ii. Effectively weakly coupled

|~F�| ⌧ |~Fgrav|
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スクリーニング機構 (i)
カメレオン/シンメトロン機構 = “effectively massive” 

スカラーのeffective massがエネルギー密度に依存 

高密度環境下ほど　　　  となるポテンシャルならOK 

　　 重力はこのタイプ:

Lmatter[⌦
2(�)gµ⌫ , ] ! Ve↵ = Ve↵(�, ⇢) ! m2

e↵ = V 00
e↵(�, ⇢)
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スクリーニング機構 (ii)
Vainshtein機構 = “effectively weakly coupled” 

スカラーの非線形微分相互作用 (“ガリレオン”タイプの理論) 

典型的な例: L = � 1

16⇡G

⇥
(@�)2 + r2c (@�)

2⇤�
⇤
+ �Tµ

µ
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Vainshtein半径

rV := (r2c ·GM)1/3
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Ostrogradskyの定理
古典力学 
 
　　運動方程式は2階 (2個の初期条件): 1自由度 
 
 
　　運動方程式は4階 (4個の初期条件): 1+1自由度 

「高階EOMを与えるラグランジアンにより記述される系
には、一般にゴースト(不安定な自由度)が現れる」

L = L(q̇, q)
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Ostrogradsky (1850); Woodard 1506.02210

ラグランジアンの形を制限する指針



解析力学の例
　 

変数変換:  

L =
1

2
q̈2 � U(q)
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(2自由度)

運動エネルギーが負の自由度 (= ゴースト)

q =
1p
2
( 1 +  2), � =

1p
2
( 1 �  2)
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L = �q̈ � 1

2
�2 � U(q)

= ��̇q̇ � V (q,�)
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宇宙論解の安定性
Ostrogradsky不安定性がないように理論を作ったとしても、
宇宙論解など安定であってほしい解が安定とは限らない 

摂動の2次の作用から判定できる:

gij = a2(t) {[1 + 2⇣(t, ~x)]�ij + hij(t, ~x)}
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曲率揺らぎ(スカラー摂動) 重力波(テンソル摂動)

L(2) = a3
h
A(t)⇣̇2 � a�2B(t)(@⇣)2

i
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(重力波も同様)

理論が与えられば計算できる係数(時間依存)

ゴーストがない

伝搬速度が実数

, A(t) > 0
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, c2s(t) := B/A > 0
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なぜ修正重力？ 

重力を拡張(修正)するとは？ 

“まとも”な重力理論に要請されること 

近年の研究の動向 ‒‒ Horndeski & beyond 

GW170817以降の修正重力 

まとめ

26/54



スカラー・テンソル理論の統一的な枠組
計量とスカラー場からなり、運動方程式が2階になる
最も一般的なラグランジアンは？ 

実は、1974年にHorndeskiにより作られていた 

Horndeskiは、その後ゴッホの絵に感銘を 
受けて物理をやめ、画家に転身したため、 
論文は忘れられていた 

検索技術(Google)の進展により、2011年に 
発掘された

L = L[gµ⌫ , @gµ⌫ , @2gµ⌫ , · · · ,�, @�, @2�, · · · ]
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Horndeski, Int. J. Theor. Phys. 10, 363 (1974)



Horndeski理論

　と　　　　　             の4つの任意関数 

すべてのスカラー・テンソル理論を統一的に記述する
ことができる 

それまではモデルごとにやっていた計算(例: 密度揺らぎ

の発展方程式の導出など)を効率化 

モデルに依らない一般的性質を見つけ出すのに有用

�
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⇥
(⇤�)2 � (rµr⌫�)

2
⇤

+G5(�, X)Gµ⌫rµr⌫�� 1

6
G5X

⇥
(⇤�)3 � 3⇤�(rµr⌫�)

2 + 2(rµr⌫�)
3
⇤
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Rij = 0
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Everything that can be 
conserved 

is
~pi =
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Horndeski

高階の運動方程式

(2階の運動方程式)
一般相対論 (2自由度)

スカラー・テンソル理論の空間

Ostrogradskyゴースト

2011~



応用1: 宇宙論的摂動と安定性
作用を摂動について2次まで展開 
　　例えば重力波(テンソル摂動)の場合…

TK, M. Yamaguchi, J. Yokoyama (2011)

L =
a3

4


A(t)ḣ2

ij �
B(t)

a2
(@khij)

2

�
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安定性の判定重力波の伝搬速度

c2GW =
B
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どういう理論で　　　   なのか 
系統的に理解できる

c2GW 6= 1
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応用2: インフレーション
(single-field)インフレーション = 計量とスカラー場で記述
される系 = Horndeski理論 

“修正重力”インフレーションは今や当たり前

TK, M. Yamaguchi, J. Yokoyama (2011)

Planck Collaboration: Constraints on Inflation
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Fig. 8. Marginalized joint 68 % and 95 % CL regions for ns and r at k = 0.002 Mpc�1 from Planck alone and in combination with
BK14 or BK14 plus BAO data, compared to the theoretical predictions of selected inflationary models. Note that the marginalized
joint 68 % and 95 % CL regions assume dns/d ln k = 0.

limits obtained from a ⇤CDM-plus-tensor fit. We refer the inter-
ested reader to PCI15 for a concise description of the inflationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

– The inflationary predictions (Mukhanov & Chibisov 1981;
Starobinsky 1983) originally computed for the R2 model
(Starobinsky 1980) to lowest order,

ns � 1 ' �
2
N
, r '

12
N2 , (48)

are in good agreement with Planck 2018 data, confirm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49 < N⇤ < 58 is compatible with the R2 ba-
sic predictions N⇤ = 54, corresponding to Treh ⇠ 109 GeV
(Bezrukov & Gorbunov 2012). A higher reheating temper-
ature Treh ⇠ 1013 GeV, as predicted in Higgs inflation
(Bezrukov & Shaposhnikov 2008), is also compatible with
the Planck data.

– Monomial potentials (Linde 1983) V(�) = �M4
Pl (�/MPl)p

with p � 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/3
(Silverstein & Westphal 2008; McAllister et al. 2010, 2014)
are more compatible with the data.

– There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(�) in single-field inflationary models. Important exam-
ples are a subluminal inflaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov 1999), a non-
minimal coupling to gravity (Spokoiny 1984; Lucchin et al.

1986; Salopek et al. 1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inflaton due to dissipation in
other degrees of freedom, as in warm inflation (Berera 1995;
Bastero-Gil et al. 2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(�)R with F(�) = M2

Pl + ⇠�
2. To be more specific, a quartic

potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inflaton as seen from
Table 5, can be reconciled with Planck and BK14 data for
⇠ > 0: we obtain a 95 % CL lower limit log10 ⇠ > �1.6 with
ln B = �1.6.

– Natural inflation (Freese et al. 1990; Adams et al. 1993) is
disfavoured by the Planck 2018 plus BK14 data with a Bayes
factor ln B = �4.2.

– Within the class of hilltop inflationary models
(Boubekeur & Lyth 2005) we find that a quartic poten-
tial provides a better fit than a quadratic one. In the quartic
case we find the 95 % CL lower limit log10(µ2/MPl) > 1.1.

– D-brane inflationary models (Kachru et al. 2003; Dvali et al.
2001; Garcı́a-Bellido et al. 2002) provide a good fit to
Planck and BK14 data for a large portion of their parame-
ter space.

– For the simple one parameter class of inflationary potentials
with exponential tails (Goncharov & Linde 1984; Stewart
1995; Dvali & Tye 1999; Burgess et al. 2002; Cicoli et al.
2009) we find ln B = �1.0.

– Planck 2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = �5.0.

18

L = R+ ↵R2
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このあたりのモデル

Planck 2018

こういうモデルを統
一的に議論できる



応用3: 特異点のない宇宙は不安定
インフレーションの代替として初期特異点のないシナリオ
(バウンス、サイクリック、etc.)が提案されているが… 

Horndeski: 計量 + スカラー場の系、運動方程式が2階 

特異点のない宇宙論解は必ず不安定 

[証明] 「摂動の安定性の条件: 
 
は、特異点のない宇宙では　　　　　　のどこかで必ず破
れてしまう」ということを示せる 

TK (2016); S. Akama, TK (2017,2018)

A(t) > 0, c2s(t) > 0, · · ·
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�1 < t < 1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

S. Akama = 赤間進吾 (立教大D1)



その他、応用いろいろ
線形密度揺らぎの進化 

どういう変更が現れ得るのか/便利な公式集みたいなもの 

ブラックホール摂動 

重力波とスカラー波 

球対称時空の安定性 

etc.

A. De Felice, TK, S. Tsujikawa (2011)

�̈ + 2H �̇ = 4⇡Ge↵(t; k)�⇢,  = �(t; k)�
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計量摂動の空間成分 時間成分

TK, H. Motohashi, T. Suyama (2012, 2014)
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Abstract. We present the public version of hi class (www.hiclass-code.net), an exten-
sion of the Boltzmann code CLASS to a broad ensemble of modifications to general rela-
tivity. In particular, hi class can calculate predictions for models based on Horndeski’s
theory, which is the most general scalar-tensor theory described by second-order equations of
motion and encompasses any perfect-fluid dark energy, quintessence, Brans-Dicke, f(R) and
covariant Galileon models. hi class has been thoroughly tested and can be readily used to
understand the impact of alternative theories of gravity on linear structure formation as well
as for cosmological parameter extraction.
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Figure 2. E↵ect of the braiding on CMB temperature power spectra (left panel) and the matter power
spectrum at z = 0 (right panel). In the bottom panels we show the relative di↵erence between the
DE/MG models considered and a fiducial ⇤CDM. In each model, we fix all the standard cosmological
parameters to some fiducial value. We use the lcdm parameterization for the background expansion
history (i.e. wDE = �1) and propto omega for the evolution of the alphas. We fix ↵̂K = 1, ↵̂M =
↵̂T = 0 and we vary ↵̂B in the stable region.

Figure 3. Same as figure 2 but for the running of the Planck mass. We fix ↵̂K = 1, ↵̂B = ↵̂T = 0
and we vary ↵̂M in the stable region, with M

2
⇤,0 = 1 initially.

We should also note that we have generated the plots for wDE = �1. In this limit, many
terms in the perturbation equations cancel and therefore the modifications to observables
are suppressed. Adding in a background evolution that departs from ⇤CDM can produce a
much richer phenomenology. Similarly, considering simultaneously non-zero values of several
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Horndeski

高階の運動方程式

(2階の運動方程式)
一般相対論 (2自由度)

スカラー・テンソル理論の空間

Ostrogradskyゴースト

本当…?



縮退理論: beyond Horndeski
「運動方程式が2階」は「Ostrogradskyゴーストがない」
ための十分条件 

ループホール: 縮退理論 
= 運動方程式は高階だが、組み合わせると2階に落ちる 

解析力学の例: L =
ẍ2

2
+
p
2ẍẏ + ẋ2 +

ẏ2

2
� x2

2
� y2

2
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運動方程式は高階だが…

d

dt
(2)� (1), · · ·
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2階の系に落ちる

係数がそろっている



縮退理論: beyond Horndeski
Degenerate Higher-Order Scalar-Tensor Theory 
(DHOST) 

          の多項式であることを仮定 

縮退　　係数の関数の間にいくつかの関係式 

完全な一般形はわかっていない

Langlois & Noui (2015); Crisostomi, et al. (2016)

rµr⌫�
<latexit sha1_base64="ADCyRcd1ISWtYC8mjyf3LFE6kQM="></latexit><latexit sha1_base64="ADCyRcd1ISWtYC8mjyf3LFE6kQM="></latexit><latexit sha1_base64="ADCyRcd1ISWtYC8mjyf3LFE6kQM="></latexit><latexit sha1_base64="wFwPDvN1hA1WFUnS0EYn3diDYlw="></latexit>

,
<latexit sha1_base64="lY3gEXmjEYXkd5kgAXP4UOrOnu4="></latexit><latexit sha1_base64="lY3gEXmjEYXkd5kgAXP4UOrOnu4="></latexit><latexit sha1_base64="lY3gEXmjEYXkd5kgAXP4UOrOnu4="></latexit><latexit sha1_base64="wDcbiPIc8ftTy5z8XY5WYWox42c="></latexit>
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µ⌫ + · · ·+A5(�, X)(�µ�⌫�µ⌫)

2 + · · ·
<latexit sha1_base64="CyLxPWOvUQRj+jrcxWFj4+IaJOs="></latexit><latexit sha1_base64="CyLxPWOvUQRj+jrcxWFj4+IaJOs="></latexit><latexit sha1_base64="CyLxPWOvUQRj+jrcxWFj4+IaJOs="></latexit><latexit sha1_base64="0h+GJMAuWVDOb7Dvc9FdL4GR1Lk="></latexit>

�µ := rµ�
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Horndeski

Ostrogradskyゴーストのある理論

2+1自由度の縮退理論

(2階の運動方程式)

Quadratic & cubic DHOST
(高階の運動方程式)

一般相対論(2自由度)

⇠ (rr�)4?, (rr�)5?, · · ·

2015~



Horndeski

Quadratic & cubic DHOST

= Horndeskiとdisformal変換でつながる理論

安定な宇宙論解は  　　　　の内部にのみ存在

= 宇宙論解が必ず不安定

de Rham & Matas (2016)

(2階の運動方程式)

(高階の運動方程式)

一般相対論(2自由度)

＊disformal変換

A(�, X)gµ⌫ +B(�, X)@µ�@⌫�
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場の再定義



Horndeski

Quadratic & cubic DHOST

Extended mimetic gravity

(2階の運動方程式)

(高階の運動方程式)

(高階の運動方程式)

= 宇宙論解が必ず不安定

さらに一般的な理論を
systematicに作って調
べたが、かなり普遍的
に不安定なようだ…

K. Takahashi & TK (2017)
K. Takahashi = 高橋一史 (学振PD@立教)



Horndeski
(2nd-order EOMs)

Horndeski理論、およびそれと(可逆)disformal変換で
つながっている理論以外、宇宙論解が不安定 (状況証拠)

– の中の理論だけ調べれば十分(?)



なぜ修正重力？ 

重力を拡張(修正)するとは？ 

“まとも”な重力理論に要請されること 

近年の研究の動向 ‒‒ Horndeski & beyond 

GW170817以降の修正重力 

まとめ

43/54



|c2GW � 1| < O(10�15)
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GW170817

任意関数のいくつかに非常に強い制限



Horndeski

GR (2 dofs)

(2nd-order EOMs)

cGW = c
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GW170817以降

in



GW170817とHorndeski

c
2
GW =

G4 �X(�̈G5X +G5�)

G4 � 2XG4X �X(H�̇G5X �G5�)
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L = G4(�)R+G2(�, X)�G3(�, X)⇤�
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Creminelli & Vernizzi; 
Sakstein & Jain; 
Ezquiaga & Zumalacarregui; 
Baker, et al. (2017)

L = G2(�, X)�G3(�, X)⇤�

+G4(�, X)R+G4X

⇥
(⇤�)2 � (rµr⌫�)

2
⇤

+G5(�, X)Gµ⌫rµr⌫�� 1

6
G5X

⇥
(⇤�)3 � 3⇤�(rµr⌫�)

2 + 2(rµr⌫�)
3
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注1: 「スカラー・テンソル理論の虐殺が起こった」などとTwitterに書かれていたが、
殺されたのは目新しい理論ばかりで、昔からあるような理論は無傷だった 
注2: z~0.01の話なので、初期宇宙における重力への制限にはならない



GW170817とDHOST
L = f(�, X)R+G2(�, X)�G3(�, X)⇤�

+A3(�, X)⇤��µ�⌫�µ⌫ + · · ·
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の任意関数4つまで追い詰めた



しかし、微妙な点もある
この手の理論の典型的なカットオフスケール 

LIGOの観測は、ダークエネルギー/修正重力の低エ
ネルギー有効理論の記述が微妙になってくるあたり
を見ているのかもしれない (= 制限にならない)

de Rham & Melville, arXiv:1806.09417

⇤ ⇠ (MPlH
2
0 )

1/3 ⇠ 100 Hz
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Scalar EFT.—We start by looking at a simple yet
representative scalar EFT example [26]

LM ¼ −
1

2
ð∂ϕÞ2 þ 1

2Λ4
ð∂ϕÞ4 þO

!
ð∂2ϕÞ2

M2

"
; ð2Þ

where M is the scale of new physics. ϕ could be a
placeholder for dark energy—for instance, let us set hϕi ¼
αΛ2t as the background and consider fluctuations
ϕ ¼ hϕiþ δϕ. As is well known, on this spontaneously
Lorentz-breaking (sLB) background the sound speed for
δϕ is

c2S¼ 1 − Δ0 ¼ 1 −
4α2

1þ 6α2
; ð3Þ

leading to an order 1 deviation from luminality if the
parameter α ∼Oð1Þ. At this stage, we may wonder if we
can trust a background configuration close to the strong
coupling scale Λ. This question has been the subject of
extensive work and we refer the reader to Ref. [27] for
careful considerations. Here, we take the approach that the
EFT can be reorganized as a derivative expansion in which,
while the field gradient may be “large,” higher derivatives
of the field are suppressed. This means that a profile with
_ϕ ∼ Λ2 may be considered without going beyond the
regime of validity of the EFT so long as higher derivatives
are suppressed: ∂nϕ ≪ Mnþ1 ≲ Λnþ1 for any n ≥2.
Concretely, this implies that background configurations
with α ∼Oð1Þ do not necessarily lead to order 1 contri-
butions from other irrelevant operators. We follow this
approach here as it is the one used in the context of
Horndeski models of dark energy.
EFT cutoff.—The model (2) predicts a speed of sound

(3) which appears to be the same irrespective of the
frequency of the δϕ fluctuations. Yet if we consider δϕ
waves at sufficiently high frequencies, they should be

insensitive to the sLB background. LI should be restored
[28] and hence high-frequency δϕ waves should be exactly
luminal. The reason this is not manifest in Eq. (3) is
because we are working within the EFT (2), which is
only consistent at frequencies much smaller than the
cutoff, M. Interestingly, in the context of the GW170817
detection, the frequency of the GWs span from 24 Hz to a
few hundred Hz, which is perilously close to the strong
coupling scale associated with many Horndeski dark
energy models [29],

M ≲ ΛHorndeski ∼ ðMPlH2
0Þ1=3 ∼ 260 Hz; ð4Þ

where H0 is the Hubble parameter today. At those scales,
the EFT (2) can no longer be the appropriate description for
the δϕ waves, as we have neglected operators of the form
ð∂2ϕÞ2=M2, where M is the cutoff [30]. The existence of
such higher derivative operators cannot be ignored—they
are mandated by positivity bounds if this theory is to admit
a sensible Wilsonian UV completion [31,32].
Sound speed near the cutoff.—The low-energy EFT (2)

is appropriate when considering δϕ waves at frequencies
k=M ≪ 1; however at higher frequencies one should
include the irrelevant operators that naturally enter the
EFT at the scale M and modify the dispersion relation,

c2SðkÞ ¼ 1 − Δ0 þ Δ2

k2

M2
þO

!
k4

M4

"
; ð5Þ

where the running Δ2 is controlled by the higher order
operators. This scale dependence of the sound speed is
unavoidable: not only are the next-to-leading order oper-
ators required in order to properly renormalize divergences
within the EFT, they also naturally arise from a generic
UV completion. Of course when reaching the scale M,
we lose control of the EFT and the precise details of the
UV completion are essential in determining the sound
speed of δϕ waves (even if—as we have argued—the
background configuration itself may not be sensitive to the
UV completion).
To give a precise example of how UV physics [33] may

affect the sound speed at frequencies close to M, consider
the following specific situation where the massless scalar ϕ
couples to a heavy scalar χ via

LΛ% ¼ −
1

2
ð∂ϕÞ2 − 1

2
ð∂χÞ2 − 1

2
M2χ2 þ χ

Λ%
ð∂ϕÞ2; ð6Þ

where χ becomes dynamical around M and strongly
coupled at a scale Λ%. For Eq. (6) to represent a (partial)
completion of Eq. (2) with an extended region of validity,
we require the scale hierarchy Λ% ≫ M implying

M ≪ Λ ¼ ðMΛ%Þ1=2 ≪ Λ%: ð7Þ

FIG. 1. Sound speed for δϕ fluctuations in the model (6). While
subluminal at k ≪ M, luminality is recovered above the cutoff
(here, M ¼ 10−3Λ ≈2.6 Hz). The EFT can safely describe
cosmology from today H0 to before recombination Hrec, but
may receive order 1 corrections in the LIGO band.

PHYSICAL REVIEW LETTERS 121, 221101 (2018)
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Horndeski

GR (2 dofs)

(2nd-order EOMs)

cGW = c
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GW170817以降

in

このクラスの理論をテスト
するのは面白い

重力が物質内部でのみ変更される 
(星の内部などでスクリーニングが不完全)
TK, Y. Watanabe, D. Yamauchi (2015)

DHOST



DHOSTのテスト
Newtonian極限 ‒ 内部でのみ重力変更 

外はスクリーンされていて変更なし  
(光の曲がりなどではテスト不可能) 

星の構造からの制限

d�

dr
=

GM

r2
+⌥

G

4

d2M

dr2
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Sakstein (2015)Saito et al. (2015)

星の中心で重力が
引力であるべし

水素燃焼が起こる最小質量 
< 観測されているred dwarfの最小質量



DHOSTと相対論的天体
TK & T. Hiramatsu (2018)

GR

半径 [km]

質
量
 [M

_s
ol
ar
]

Newtonianではほとんど違いが出ないようなパラメータ
でも大きく変わる (ただし、モデル依存性はある)

� = �2⇥ 10�3
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7

FIG. 3: The mass (µ) versus central density diagram for
α = 0. The parameters are given by β = 2 × 10−3, 10−3, 4 ×
10−4, 2 × 10−4, 10−4, 0 (GR) (solid lines, from top to bot-
tom), and β = −10−4,−2×10−4,−4×10−4,−10−3,−2×10−3

(dashed lines, from top to bottom).
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FIG. 4: The mass (µ) versus radius diagram for α = 0. The
parameters are given by β = 2 × 10−3, 10−3, 4 × 10−4, 2 ×
10−4, 10−4, 0 (GR) (solid lines, from right to left), and β =
−10−4,−2×10−4,−4×10−4,−10−3,−2×10−3 (dashed lines,
from top to bottom).

Next, we fix α = 0 and draw the mass versus central
density diagram and the mass versus radius diagram for
different (small) values of β. The results are presented in
Figs. 3 and 4, which are seen to be qualitatively similar
to Figs. 1 and 2, respectively. Therefore, although β is
supposed to signal the “beyond GLPV” effects, they are
not manifest and the roles of the two parameters α and
β in relativistic stars are qualitatively similar. We have
performed numerical calculations for more general cases
with α ̸= 0 and β ̸= 0, and confirmed that they also lead
to qualitatively similar results.

Just for reference some examples of radial profiles of
the metric and X in the stellar interior are presented in
Figs. 5–8.

FIG. 5: Metric components eν and e−λ as a function of r.
The parameters are given by α = 2 × 10−3,β = 0 (dashed
lines) and α = −2 × 10−3,β = 0 (dotted lines). Solid lines
represent the result of GR.

FIG. 6: X/v2 as a function of r. The parameters are given by
α = 2× 10−3,β = 0 (dashed line) and α = −2× 10−3,β = 0
(dotted line).

VI. CONCLUSIONS

In this paper, we have studied the Tolman-
Oppenheimer-Volkoff system in degenerate higher-order
scalar-tensor (DHOST) theory that is consistent with
the GW170817 constraint on the speed of gravitational
waves. Although the field equations are apparently of
higher order, we have reduced them to a first-order sys-
tem by combining the different components. This is pos-
sible because the theory we are considering is degenerate.
In DHOST theories that are more general than Horn-

deski, breaking of the Vainshtein screening mechanism
occurs inside matter [13, 14, 16, 26], which would mod-
ify the interior structure of stars. Assuming a simple
concrete model of DHOST theory with two parameters
and the equation of state, we have solved numerically
the field equations. The parameters were chosen so that
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生き残っていた4つの関数のうちの1つ = 0



なぜ修正重力？ 

重力を拡張(修正)するとは？ 

“まとも”な重力理論に要請されること 

近年の研究の動向 ‒‒ Horndeski & beyond 

GW170817以降の修正重力 

まとめ



まとめ

現状、一般相対論でよいが、拡張する動機は十分にある 

一般的・統一的な理論の枠組(Horndeski/beyond Horndeski) 

[現在の宇宙] GW170817以降、viableな理論はある程度絞ら
れたが、まだ面白い理論が生き残っている 

[初期宇宙] “修正重力”インフレーションは今や当たり前

* 有効理論の適用範囲なのかは要注意


