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e Challenging the mysteries of the universe.
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Major successes of the standard
big-bang cosmology

»Expanding universe: Hubble’s law
»Cosmic Microwave background

»Nucleosynthesis

Unfortunately, or fortunately, the big-bang
cosmology based on general relativity (GR)
IS NOT perfect.
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Two phases of the accelerated
expansion of the universe

» Inflation in the early universe

 Accelerated expansion of the late-time
universe driven by dark energy



Inflation generates tiny
Inhomogenelties
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e Quantum effects become important
V(0) In the early universe
the inflaton
P ¢ (alarm clock) moves forward or
N "4 / backward slightly due to fluctuations
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wating microscopi_c fluctuations to
macroscopic lengthes
. (I) If inflation ends a little earlier (or

later) than the surrounding area, the
energy density will be lower (higher)
than the surrounding area.
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Two phases of the accelerated
expansion of the universe

» Inflation in the early universe

 Accelerated expansion of the late-time
universe driven by dark energy



The composition of the universe:
95% unknown!

5% ordinary matter

26%
dark matter

69% dark energy



Inflation, dark energy & dark matter
are (almost) confirmed by




Perlmutter, ef al. (1998)
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History of Our Universe

Dark Energy
Accelerated Expansion

Cosmic microwave
Development of
baCkg round Galaxies, Planets, etc.
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Quantum
Fluctuations

We (almost) know they are/were there..

But, we don’t know what they are.
ttp://map.gstc.nasa.gov/



Contains GR + a scalar field as a special case

Metric g, + scalar field ¢

Jordan (1955), Brans & Dicke (1961), Bergmann (1968),
Wagoner (1970), ...

Most general scalar-tensor theory of gravity with 2"d order
covariant EOM: Horndeski (1974)

DHOST theories beyond Horndeski: Langlois & Noui (2016)

U-DHOST theories beyond DHOST: DeFelice, Langlois,
Mukohyama, Noui & Wang (2018)



Effective field theory (EFT)

Theory 1 \ Q P Experiment 1
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EFT plays the role of bridge between
theories and experiments/observations!



 Time diffeo Is broken by the scalar profile
but spatial diffeo Is preserved.

Timelike gradient

Inflaton or
energy

¢ = const.




EFT of scalar-tensor gravity with timelike scalar profile

* Time diffeo is broken by the scalar profile but spatial diffeo is preserved.

* All terms that respect spatial diffeo must be included in the EFT action.
* Derivative & perturbative expansions

* Diffeo can be restored by introducing NG boson

EFT on Minkowski ]
background = ghost condensation

Arkani-Hamed, Cheng, Luty and Mukohyama, JHEP 0405:074,2004




Arkani-Hamed, Cheng, Luty and Mukohyama 2004
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EFT of ghost condensation =

EFT of scalar-tensor gravity with timelike
scalar profile on Minkowski background

Arkani-Hamed, Cheng, Luty and Mukohyama 2004
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EFT of scalar-tensor gravity with timelike scalar profile

* Time diffeo is broken by the scalar profile but spatial diffeo is preserved.
* All terms that respect spatial diffeo must be included in the EFT action.

* Derivative & perturbative expansions

* Diffeo can be restored by introducing NG boson

EFT on Minkowski
background

EFT on cosmological | — FET of inﬂation/dark energy

backgrou nd Creminelli, Luty, Nicolis and Senatore 2006
Cheung, Creminelli, Fitzpatrick, Kaplan and Senatore 2007

= ghost condensation

Arkani-Hamed, Cheng, Luty and Mukohyama, JHEP 0405:074,2004




power spectrum
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Parametrization suitable for DE
= EFT Of DE  Gleyzes. Langiois, piassa, venizzi 2013
« Matter (in addition to DE) needs to be added
-> Jordan frame description Is convenient

* |n Jordan frame the coefficient of the 4d Ricci
scalar Is not constant.
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* Cosmology and black holes (BHs) play as important
roles in gravitational physics as blackbody radiation
and hydrogen atoms did in quantum mechanics.



* Cosmology and black holes (BHs) play as important
roles in gravitational physics as blackbody radiation
and hydrogen atoms did in guantum mechanics.

* |n cosmology a time-dependent scalar field can act
as dark energy (DE), while BHs serve as probes of
strong gravity. We then hope to learn something
about the EFT of DE by BHs.
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Timelike gradient

¢ = const.

Black\hqle Dark energy.

https://www.eso.org/puinc/imEggs/esolQO?a/



Unlucky case
Spacelike gradient Timelike gradient
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Unlucky case Timelike gradient
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Lucky case
Timelike gradient Timelike gradient

Black hole
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Lucky case
Timelike gradlent
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Lucky case
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Mukohyama 2005
. Action N Einsteln frame

1= [ d4x\/_[ Mpepeo| X = —g"0,00,0

* EOMs ﬁ Ou (vV=gP'(X)g" 0,¢) =0

Mp\Gv = 2P'(X)0,¢0, ¢ + P(X) gy

Gw/ — Aeffgm/ Aegr = P(XO)/MPZ’I
e X=X, (#0)
&) " = g¢""0,¢ defines geodesic congruence
(u'Vyut = -VHX/2 =0)
&) ;/./|X, defines Gaussian normal coord.



Schwarzschild in k-essence (Mukohyama 2005)

Schwarzschild-dS in Horndeski theory (sabichev & Charmousis 2013,

Kobayashi & Tanahashi 2014) Schwarzshild-dS in DHOST (Ben Achour & Liu
2019, Motohashi & Minamitsuji 2019)

Kerr-dS in DHOST (Charmousis & Crisotomi & Gregory & Stergioulas 2019)
However, perturbations around most of those stealth

solutions are infinitely strongly coupled (de Rham & zhang 2019) .
This means the solutions cannot be trusted.

Fortunately,

EFT of ghost condensation already includes scordatura (arkani-
Hamed & Cheng & Luty & Mukohyama 2004)

Approximate Schwarzschild in ghost condensation (Mukohyama

2005). Also In quad ratic HOST (DeFelice & Mukohyama & Takahashi, JCAP 03
(2023) 050).



* Cosmology and black holes (BHs) play as
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roles In gravitational physics as blackbody radiation
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* |n cosmology a time-dependent scalar field can act
as dark energy (DE), while BHs serve as probes of

strong gravity. We then hope to learn som
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EFT of scalar-tensor gravity on arbitrary
background with timelike scalar profile



EFT of scalar-tensor gravity with timelike scalar profile

* Time diffeo is broken by the scalar profile but spatial diffeo is preserved.

* All terms that respect spatial diffeo must be included in the EFT action.
* Derivative & perturbative expansions

* Diffeo can be restored by introducing NG boson

EFT on Minkowski ]
background = ghost condensation

Arkani-Hamed, Cheng, Luty and Mukohyama, JHEP 0405:074,2004

EFT on cosmological

background = EFT of inflation/dark energy

Creminelli, Luty, Nicolis and Senatore 2006
Cheung, Creminelli, Fitzpatrick, Kaplan and Senatore 2007

EFT on arbitrary

background
g Mukohyama and Yingcharoenrat, JCAP 09 (2022) 010

Taylor expansion of the general action ¢ _ /d4az\/—_g F(Ruas, 9 Ky Vi, 7)
S:/d4$\/—g [F+FQTT59TT+FK5K+ ]

Consistency relations <= S is invariant under spatial diffeo but the background breaks it.
d - - 077" _ 0K

—-F : FgTT . .

dx? ox? ox?




Background analysis for spherical BH
[arXiv: 2204.00228 w/ V.Yingcharoenrat]

Odd-parity perturbation around spherical BH

[arXiv: 2208.02943 w/ K.Takahashi & V.Yingcharoenrat]
[see also arXiv: 2208.02823 by Khoury, Noumi, Trodden, Wong]

- Quasi-normal mode
[arXiv: 2304.14304 w/ K.Takahashi & K.Tomikawa & V.Yingcharoenrat]

Even-parity perturbation around spherical BH
[work in progress w/ K.Takahashi & V.Yingcharoenrat]

Tidal Love number of spherical BH
[work in progress w/ C.GharibAliBarura & H.Kobayashi & N.Oshita & K.Takahashi &
V.Yingcharoenrat]

Future works include Rotating BH, BH with scalar accretion
[c.f. arXiv:1304.6287 by Chadburn & Gregory; arXiv:1804.03462 by Gregory, Kastor &

Traschen], BH formation, etc...



EFT of scalar-tensor gravity
with timelike scalar profile

Introduction

EFT on Minkowski bkgd
EFT on cosmological bkgd
EFT on arbitrary bkgd
Applications

S S o

Summary

SUMMARY



* Ghost condensation universally describes all scalar-tensor
theories of gravity with timelike scalar profile on Minkowski
background respecting time translation / reflection
symmetry (up to shift / reflection of the scalar).

* Extension of ghost condensation to FLRW backgrounds
results in the EFT of inflation/DE.

* These EFTs provide universal descriptions of all scalar-tensor
theories of gravity with timelike scalar profile on each
background, including Horndeski theory, DHOST theory, U-
DHOST theory, and more.

1. Introduction

2. EFT on Minkowski &
cosmological bkgd

EFT on arbitrary bkgd
4.  Applications

Summary



1. Introduction
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cosmological bkgd

EFTon arbitrary bkgd
4\ )/ Applications

Summary

* |f we want to learn something about the EFT of DE from BH
then we need to consider BH solutions with timelike scalar

profile.

was developed. Consistency relations
among EFT coefficients ensure the spatial diffeo invariance.



EFT of scalar-tensor gravity with timelike scalar profile

* Time diffeo is broken by the scalar profile but spatial diffeo is preserved.

* All terms that respect spatial diffeo must be included in the EFT action.
* Derivative & perturbative expansions
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* Ghost condensation universally describes all scalar-tensor
theories of gravity with timelike scalar profile on Minkowski
background respecting time translation / reflection
symmetry (up to shift / reflection of the scalar).

* Extension of ghost condensation to FLRW backgrounds
results in the EFT of inflation/DE.

* These EFTs provide universal descriptions of all scalar-tensor
theories of gravity with timelike scalar profile on each
background, including Horndeski theory, DHOST theory, U-
DHOST theory, and more.

* |f we want to learn something about the EFT of DE from BH
the]rg_lwe need to consider BH solutions with timelike scalar
profile.

was developed. Consistency relations
among EFT coefficients ensure the spatial diffeo invariance.

* Other applications? Further extensions?



Further extension of the web of EFTs

“The Effective Field Theory of Vector-Tensor Theories”
Katsuki Aoki, Mohammad Ali Goriji, Shinji Mukohyama, Kazufumi Takahashi, , JCAP 01 (2022) 01, 059 [arXiv: 2111.08119].

Residual symmetry in the unitary gauge

T — f’(t’ f) c.f. Residual symmetry in unitary gauge
for scalar-tensor theories

t—=t—gux(z), A,—A,+0.x() #— #(t, )

leaving 50“ = 50# + gm A, invariant

The web of EFTs

Arkani-Hamed. Cheng. Lutv and Mukohvama 2004

~ extension to FLRW
EFT of inflation/dark energy |- Ghost condensation

Minkowski limit

A A
soft-breaking 1 | imposing |
shift symmetry ' | shift symmetry !
o . k .
Shift-symmetric Cou\ﬁii | | gauging
scalar-tensor theories Il)imi% | shift symmetry
A |
Wﬁa’k i gauging i
COUP 111.g : shift symmetry !
limit : : v
EFT of vector-tensor ktheories . extension to FLRW Gauged ghost
resent work| = | ------o-----------o--- > '
[]_f) ] Minkowski limit condensation

Cheng, Luty, Mukohyama and Thaler 2004
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