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INTRODUCTION



Why gravity beyond GR?

(GR : general relativity)



A motivation for IR modification

Flattening galaxy rotation curves
extra gravity

Dimming supernovae
accelerating universe

* Usual explanation:
(DARK MATTER) (DARK
ENERGY).



Dark component in the solar system?

which people tried to P

explain with a “dark y
planet”, Vulcan,



Why gravity beyond GR?

» Can we address mysteries in the universe?

Dark energy, dark matter, inflation, big-bang singularity,
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Why gravity beyond GR?

» Can we address mysteries in the universe>

Dark energy, dark matter, inflation, big-bang singularity,
cosmic magnetic field, etc.

* Help constructing a theory of quantum gravity?
Superstring, Horava-Lifshitz, etc.

One of the best ways to understand something may be
to break (modify) it and then to reconstruct it.
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EFT ON MINKOWSKI
BACKGROUND



« 3 check points
“What are the physical d.o.f. ?”
“How do they interact ?”
“What is the regime of validity ?”

* If two (or more) theories give the same
answers to the 3 questions above then they
are the same even If they look different.



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)

All of them (and more) are universally described by
an effective field theory (EFT)



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
Nambu-Goldstone boson



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

All terms that respect spatial diffeo must be
iIncluded in the EFT action.

Derivative & perturbative expansions

Diffeo can be restored by introducing
Nambu-Goldstone boson

ref. Arkani-Hamed, Cheng, Luty, Mukohyama 2004



Systematic construction of
EFT of ghost condensation

Arkani-Hamed, Cheng, Luty and Mukohyama 2004

Backgrounds characterized by

< <aﬂ¢> ~ 0 and timelike

<>Background metric Is MinkowskKi.

=) | Ly =Ly + M4 (g —27) -2 (K + Vi)

(K949 r) (K, + 99 )




Gauge choice: @(t, X) =t.

Residual symmetry: X — X'(t, X)

mmp \Write down most general action invariant under
this residual symmetry.

( == Action for w: undo unitary gauge!)

Start with flat background g, =77, +h,,
5hﬂv =0,6, 10,6,
Under residual gi
Ny, =0,y = aoé:i’aqij = aié:j +aj§i



. . _ i
Action invariant under S Beginning at quadratic order,

e 2
(hoo ) since we are assuming flat
J ( h \)2 space IS good background.
ol 1
K2 KK, Kijzg(aohﬁ—ajhm—aihoj)



. : _ i
Action invariant under S Beginning at quadratic order,

/(hoo )2 since we are assuming flat
J ( N \)2 space is good background.
LA 1
\ KZ,K”KU- Kijza(ﬁohij—ﬁjhm—ﬁihoj)
4 2 aq 2 04 i
|:> I_eff :LEH_l_I\/I {(ho()) _M_:LZK _M_ZZKJKij_I_”'}
Action for w

hy, — Ny, —20,7

= | Ly = Loy + M (hyy —27) —- 2 (K4 Vx)




E—>rE

-1
dt —» rdt Jdtdgx 1o a(V? 7)°
dx — r'?dx 2 M _
7T—>I’l/47z
\%
Leading nonlinear operator in infrared Idtd?’ E(I\/IZ)

has scaling dimension 1/4.

e.J. Ghost inflation [Arkani-hamed, Creminelli, Mukohyama, Zaldarriaga 2004]



Arkani-Hamed, Cheng, Luty and Mukohyama 2004

Order \ \ 2

oameter | (@) Vo) <5ﬂ¢> (@)
\ /oo |\ /-4

Instability | Tachyon —IUZCI)2 Ghost _¢2

Condensate |V'=0, V'>0 P'=0, P">0

Broken Gauge symmetry | Time translational

symmetry symmetry

Force to be |Gauge force Gravity

modified

New force |Yukawa type Newton+Oscillation

law




EFT of ghost condensation =

Arkani-Hamed, Cheng, Luty and Mukohyama 2004

Backgrounds characterized by
<> <aﬂ¢> + (0 and timelike

<>Background metric Is MinkowskKi.

=) | Ly = Loy + M4 (g —27) 2 (K + Vi)

(KD T (K, 49, ) o
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EFT ON COSMOLOGICAL
BACKGROUND



Extension to FLRW background
= EFT of inflation/dark energy

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

Action invariant under x' > xi(t,x)
Ingredients
9 9%, Ryvper Vy,  t & its derivatives

1st derivative of t

; I )t 0
8ut - 5# o \/ — g0, to,t - /—g00
900 huv = Guv + npnw

2nd derivative of t
K,, = hﬁvpn,,



Unitary gauge action

/d4£€\/ gL(t, (50 Kuv, 9uv, 9", va;u/pa)

‘ derivative & perturbative expansions

1= oy f daflr{ R+ e(t) + ea(t)g™

—I—L(Q) (5900, 5K/u/7 5R/u/pa; ty Guv gli’/, VIJJ)]

2 e < 00\2 < 00,\3 T 00F¢
L® = X(£)(69%)* + X2(t)(69™)* + A3(t)6g* 0 K/
+A4(t)(6KH)? + X5 (t) 0K LK, +



NG boson

Undo unitary gauge t — t =t — (¢, T)
H(t) — H({t+m), H@) — H{lt+n),

ANi(t) = N(t+7), at)— alt+7),
0, — (L4)d, + 6,0,
NG boson in decoupling (subhorizon) limit

H i)
I, = Ml%l/dtd?’fa?’ {—— (fr? —cgﬂ)

c2 a?
(1 C3 .3 . (8@-%)2 4 ~2 (2)
() (3 2) ot 140,
1 4\ 2), (1 -
—=1-2 03:c§—8682 — -1
c2 H —H \¢c

Sound speed
¢, . speed of propagation for modes with w > H

2 S
w? = c? % for m ~ A(t) exp(—if wdt + ik - X)



power spectrum

H 0;m)?

I, = Mpl dtd3 ——2 —cg( Z) =) Y
8 a C(k)_ga AN —4M12:)ZHCS

) 1 C23 a ? ~2 (2) - . csk~aH

—H (é - 1) (Zgﬁ ) +0(m*, &%) + Ls. 5R} m) non-Gaussianity
(G, (8) G, (8) G, (1)) = (2m)36% (1 + ko + k) B

2 types of 3-point interactions
1 T s
k° B |ky=ky=ko=k = 38A2( (LR

2 > size of non-Gaussianity
- 85 1 5es 1
: (1_‘_2) fNL—81 (1_0_2)

fxL ~ 324 2
c3 > shape of non-Gaussianity plots of By (k, 3k, k3k) /B (k, k, k)

- Prototype of the * Linear combination
of the two shapes

orthogonal shape

Prototype of the
equilateral shape




* Ghost condensation universally describes all
scalar-tensor theories of gravity with timelike
scalar profile on Minkowski background.

« 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.
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BLACK HOLE WITH TIMELIKE
SCALAR PROFILE



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

In cosmology a time-dependent scalar field can act
as dark energy (DE), while BHs serve as probes of
strong gravity. We then hope to probe the scalar field
DE by astrophysical BHs.

This would require the scalar field profile to be
timelike near BH. Otherwise, contours of the scalar
fleld would become Ill-defined.

Are there BH solution with timelike scalar profile?



Mukohyama 2005
. Action N Einsteln frame

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



Mukohyama 2005
* Any metric locally admits Gaussian normal coord.

 If P'(X) has a real root X, then any vacuum GR sol
with A.s = P(X,) /M3, locally leads to a stealth sol.

« Schwarzshild metric admits a “globally” well-behaved

Gaussian normal cogrd. (Lemeitre reference frame)

r dR
g, dx“dx" = —dz’ + -2 +r*(r,R)dQ’
: r(z,R)

r(z,R) =B\/§(R—r)}

solution with ¢ = /X7, “Cop




Schwarzschild in k-essence (Mukohyama 2005)

Schwarzschild-(A)dS in Horndeski theory (Bavichev &
Charmousis 2013, Kobayashi & Tanahashi 2014) Schwarzshild-(A)dS
iIn DHOST (Ben Achour & Liu 2019, Motohashi & Minamitsuji 2019)

Kerr—(A)dS iIn DHOST (Charmousis & Crisotomi & Gregory &
Stergioulas 2019)

However,
(de Rham & Zhang
2019) . ThiS means the solutions cannot be trusted.



« EFT around stealth Minkowski sol. (= ghost
condensate) - universal dispersion relation
without the usual k2 term

w® = ak*/M?

 Fora = 0O(1) (>0), EFT is weakly coupled all
the way up to ~M.

« If eom’s for perturbations are strictly 2" order
(as In DHOST) then a = 0 and the dispersion

relation loses dependence on k
-> strong coupling

+ [For w?=c2k2, strong coupling @ E~c/*M]



e EFT of Inf

S, = M2, / dtd*F a®

ation/DE in decoupling limit

H 2 2(ai7r)2
_ - (1 c3 .4 . (6;m)? 4 2 (2)
_H(é—l) (éw - + O(m )+£6K(SR

~H

e If ¢ 2 = const is not too small, £5. ;. can be
|gnored. We further assume 0 < c.< 1.

> . (9;m)? 1 : (0;)?
S, = /dtd?’a: a®(cse Mp H?) ['rr2 — + 62 — 1) 7| e3n® — - 4o

—
=

T = CsT

. 2 (5@-7r)2

1

v v
aJ2

E* 1 :
CseMP1H2 S
1/

™~
E=Ecubic max||cs|, 1]

2 172
» Eecubic S (cieMp H ) > () (c e/ l—c 2 5 0)

V1 —c?



Motohashi & Mukohyama 2019
* Detuning of degeneracy condition recovers
w? = ak*/M? and uplifts the strong coupling
scale to ~ |a|”/2M. If the amount of detuning
IS small enough then an apparent ghost Is
heavy enough to be integrated out.




 De Sitter limit = small ¢ limit

—\2 )2
S, = M2, f dtd>z a® [4)\1 (7%2 —c? (Oim)” 7%(6”) ) + 4N\ = 2X\0) 73

a? a?
02 2 2,)2
+ A3 (H— ;; (8;7;) +(/\4—|—)\5)(a’air) KT
_ M _ M3 _ M?*(a+9) M2y
Mg Mo MU a0 MR,
M* om)? . (Oim)? a (0?m)* P : 9,2
O = 2 /dtd?’a:a, [ﬂ _Cg(a?) T _M2(a4) +M(H ;2)(012) +
E3/2
—-1,,—3 4 2
E-'p3M4(Ex)> ~1 W LY EVE
Enp? 74
B |, . (%) v ~1
- Cu:lc E=FEcubic
w? k 5 H 2
IYE :aM4a4 for max CS,|,8|M < |a|M2a2 <1

- Ecubic =~ |Oé|7/2M



Approximately stealth BH In

ghost condensate ,,onyama 2005

« Two time scales: tg, << tge ~ Mp2/M3

* For tg, <<t <<t ausual BH sol is a good
approximation = approximately stealth

Schwarzschild metric: ,
, rdR ) ,
g, dx“dx" =—-dz* +— +r°(z,R)dQ
r(z,R)
3 2/3
UEFAC




Approximately stealth BH in ghost

condensate
Mukohyama 2005; Cheng, Luty, Mukohyama and Thaler 2006

* A tiny tadpole due to higher derivative terms is
canceled by extremely slow time-dependence.

* As aresult, T = 5¢ starts accreting gradually.

+ XTE J1118+480 (M, ~7M.__,r*3R_t~240Myr or 7
Gyr) mp much weaker than M<100GeV

9aM? (3M2v )"
My = My x| 1+ -

4MI§I 4|\/IbhO
v : advanced null coordinate
o, : coefficient of h.d. term




If we want to learn something about scalar field DE from BH then we
need to consider BH solutions with timelike scalar profile

Stealth solutions = backgrounds with GR metric and non-trivial scalar
profile > examples of BH solutions with timelike scalar profile

Many of them suffer from strong coupling problem, which is solved by
scordatura (= controlled detuning of degeneracy condition)

DHOST/Horndeski do not include scordatura but U-DHOST does
(DeFelice, Mukohyama, Takahashi 2022) .

EFT of ghost condensation already includes scordatura.

Arkani-Hamed, Cheng, Luty and Mukohyama 2004

Approximately stealth solution in scordatura is stealth at astrophysical
scales and is free from the strong coupling problem

Scordatura also helps recover the generalized second law
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EFT ON ARBITRARY
BACKGROUND

arXiv: 2204.00228 w/ V.Yingcharoenrat



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

In cosmology a time-dependent scalar field can act
as dark energy (DE), while BHs serve as probes of
strong gravity. We then hope to probe the scalar field
DE by astrophysical BHs.

This would require the scalar field profile to be
timelike near BH. Otherwise, contours of the scalar
fleld would become Ill-defined.

Are there BH solution with timelike scalar profile?



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

In cosmology a time-dependent scalar field can act
as dark energy (DE), while BHs serve as probes of
strong gravity. We then hope to probe the scalar field
DE by astrophysical BHs.

This would require the scalar field profile to be
timelike near BH. Otherwise, contours of the scalar
fleld would become Ill-defined.

Are there BH solution with timelike scalar profile?



» General action in the unitary gauge (¢ = 1)
S — /d4x\/—g F(Ruas, 9", Kuw,Vy,T)

« Taylor expansion around the background
S = /d4x\/jg [F—FFngrégTT + FdK + -+

 The whole action iIs Invariant under 3d diffeo
but each term is not...



* The chain rule

d -, _ 0§77 _ 0K
dei~ — 9 x +Fx ozt T
d _ _ g™ - OK
- dmz FgTT — Fg‘TTg’TT 637'2, —I— FQTTK% _l_
d _ _ 95" - 0K
F p— F TT . F e —
_ dx? K IR KK ox* T
relates x'-derivatives of an EFT coefficient to other

EFT coefficients, and leads to consistency relations.

 The consistency relations ensure the spatial
diffeo invariance.

* (No consistency relation for t-derivatives.)



S = / d'zy/—g [MT’?f (y)R—A(y) —c(y)g"™ — BY)K — ab(y)al, — 1 (y)r), + %m%(y) (6977)?

+ %Mf (y)6g" 6K + %Mg (y)dK? + %Mg(y)dKfdez + %M4(y)6K5(3)R

+ 5 M()OKESORY, + 2R ()0g 6OR + Sus ()0 R + 2 pus(y)sORLGORY
M W)LOGTKY + 5 Ma()ldg TSR + S A (W)LOKOKY + ha(y) KPR

1 1
+ §A5(y);5(3)R5K5 + 56 ()2 0PRSPRE + .|,

* One can restore 4d diffeo by Stueckelberg trick

« Easy to find dictionary between EFT coefficients
and theory parameters

« Can be applied to BH with timelike scalar profile
* Bridge between theories and observations



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

Odd-parity perturbation around spherical BH

- Generalized Regge-Wheeler equation

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

- Quasi-normal mode

[work in progress w/ K.Takahashi & K.Tomikawa & V.Yingcharoenrat]

Even-parity perturbation around spherical BH

[work in progress w/ K.Takahashi & V.Yingcharoenrat]

Rotating BH
Dynamical BH
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SUMMARY



* There are at least three motivations to go beyond GR:
(i) mysteries in the universe; (ii) quantum gravity;
(iii) understanding GR itself.

* Ghost condensation is a universal description of scalar-
tensor gravity with timelike scalar profile on Minkowski
background.

* Extension of ghost condensation to FLRW backgrounds
results in a universal description of fluctuations of
inflaton/dark energy (DE), called EFT of inflation/DE.

* |f we want to learn something about scalar field DE from a
black hole (BH) then we need to consider BH solutions 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 of scalar-tensor gravity
on Minkowski background

= ghost condensation

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

EFT of scalar-tensor gravity | = EFT of inflation/dark energy

on cosmological background Creminelli, Luty, Nicolis, Senatore 2006
Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore 2007

EFT of scalar-tensor gravity

on arbitrary background _ Ly
arXiv: 2204.00228 w/ Vicharit Yingcharoenrat

Taylor expansion of the general action ¢ _ /d‘lm\/—_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 - - 0777 - 0K
it T o




* There are at least three motivations to go beyond GR:
(i) mysteries in the universe; (ii) quantum gravity;
(iii) understanding GR itself.

* Ghost condensation is a universal description of scalar-
tensor gravity with timelike scalar profile on Minkowski
background.

* Extension of ghost condensation to FLRW backgrounds
results in a universal description of fluctuations of
inflaton/dark energy (DE), called EFT of inflation/DE.

* |f we want to learn something about scalar field DE from a
black hole (BH) then we need to consider BH solutions with
timelike scalar profile.

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

e Other applications?



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



K.Aoki

K.Takahashi VYingcharoenrat

Ref. arXiv: 2204.00228 w/ VYingcharoenrat
arXiv: 2111.08119 w/ K.Aoki, M.A.Gorji & K.Takahashi
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Appendix A

GENERALIZED 2N° LAW

Mukohyama 2009, 2010



Arkani-Hamed, Cheng, Luty and Mukohyama 2004

Order \ \ 2

oameter | (@) Vo) <5ﬂ¢> (@)
\ /oo |\ /-4

Instability | Tachyon —IUZCI)2 Ghost _¢2

Condensate |V'=0, V'>0 P'=0, P">0

Broken Gauge symmetry | Time translational

symmetry symmetry

Force to be |Gauge force Gravity

modified

New force |Yukawa type Newton+Oscillation

law




Bounds on symmetry breaking scale M

Arkani-Hamed, Cheng, Luty and Mukohyama and Wiseman 2007

0GeV  1TeV . M
allowed

So far, there is no conflict with experiments
and observations iIf M < 100GeV.



EFT of ghost condensation =

Arkani-Hamed, Cheng, Luty and Mukohyama 2004

Backgrounds characterized by
<> <aﬂ¢> + (0 and timelike

<>Background metric Is MinkowskKi.

=) | Ly = Loy + M4 (g —27) 2 (K + Vi)

(KD T (K, 49, ) o




Holography and GSL

* Do holographic dual descriptions always exist?
e.g.) A de Sitter space Is only meta-
stable and a unitary holographic dual is not known.

 How about ghost condensate?

since violation of GSL would indicate absence of
holographic dual. (GSL is expected to be dual to
ordinary 2"d law.)

* Three proposals: (1) semi-classical heat flow; (ii)
analogue of Penrose process; (iil) negative energy.



Different limits of speed

_ 0,9
Uagw = UM, + CA,ZB (gﬂV + uﬂu‘/) Uﬂ_ \/‘(5¢)2

+ (0,9)uM?=0 mp preferred direction u,.

 Different particles A and B may follow
geodesics of different metrics g,,, and gg,,,-

» Lorentz breaking effects such as |c, g*-1|
vanish in the limit M?2>0 (M?: order parameter)



Semi-classical heat flow
Dubovsky and Sibiryakov 2006

Tona < Tohena <

@ Shell A /
\Sami“:sheuebd

Same black hole

dSg,e,/dt =

(1/TsheIIB'1/TsheIIA)
*|Fspen>pnl <0

ds,/dt = 0 227



Semi-

classical heat flow

Dubovsky and Sibiryakov 2006; Mukohyama 2009

<

Same

JTona < Tshela
Shell A AS g/t =
/ (1/TsheIIB'1/TsheIIA)
\SamilFShe”_)bhl} *|Fshen>onl <0

black hole

ds,/dt = 0 227

|:Shellébhl /

s 51 ot violated!

on” = O(M?/Mp?)

* |dSgpe/dt] / Ty = O(M*Mp*)

» dS,,/dt due to accretion is much larger.
* S i=Shet Sy, does increase!



Analogue of Penrose process
Elling, Foster, Jacobson, Wall 2007

E’,<0

1

AS,< 02?7

Ar=ry*O(M4/My?

Ma, Eas Pas



Analogue of Penrose process
Elling, Foster Jacobson Wall 2007; Mukohyama 2010

E’,<0

1

AS,< 0 22?

EAtEg=E'A*E's, PatPe=P actPs:

Test particle approx. mmp m, g/Mp? <<(r,Ar)t2
)M 5%/ Mpp?<<M?/Mp? mmp |E'5|/Mp<<M?/Mp;?
This process takes time scale ~rg, at least.
AI\/Ibh,acc/MthMZ/MPI2 ‘ ASy, > 0!



Negative energy
Arkani-Hamed, talk at Pl 2006

A P(X) | N
UV (ghost) instability _
' NEC violated

IR (gradient) instability
l —(db)? Ghost condensate
=(d¢) No instability } NEC OK

It appears that S,;, can be decreased by sending excitation with P’<0.



Averaged NEC

Action Mukohyama 2010

| = [dx*/-gP(X) X =-0"¢0 ¢
Stress-energy tensor @ﬂ¢
Tﬂv:(p+P)uuuv+Pguv p:2P|X_P uﬂ:\/y
EOM & shift charge

V4l =0 J,=-2P0,¢ Q=[dzJu”
In the reélime of validity of EFT (|y|<<1)

P=M*p+3px*+0(x°)| x=w"1

p+P-MJ u=M* p,z*+0(1°) ]
Averaged NEC

[dZ(p+P)=M*Q = [dZ(p+P)=0 for Q=0




Negative energy
Arkani-Hamed, talk at P1 2006; Mukohyama 2010

UV (ghost) instability NEC violated
> violate

\ IR (gradient) instability
Ghost condensate
| _X=-(d})* : NEC OK

It appears t GSI— nOt VIOIatedl ion with P’<0.

(Negative energy is followed by larger positive
energy.)

* Negative charge states are plugged by instabilities In
the early universe if the shift symmetry is exact. (|P’|

would be large In the early universe.)



EFT of scalar-tensor gravity
with timelike scalar profile

Introduction

EFT on Minkowski bkgd

EFT on cosmological bkgd
BH with timelike scalar profile
EFT on arbitrary bkgd

Summary

S T o

Appendix B

DE SITTER ENTROPY BOUND

Jazayeri, Mukohyama, Saitou, Watanabe 2016



Holography and GSL

Do holographic dual descriptions always exist?
e.g.) A de Sitter space Is only meta-
stable and a unitary holographic dual is not known.

How about ghost condensate?

since violation of GSL would indicate absence of
holographic dual. (GSL is expected to be dual to
ordinary 2"d law.)

Three proposals: (1) semi-classical heat flow; (i)
analogue of Penrose process; (iil) negative energy.

The generalized 2" law can hold in the presence
of ghost condensate. (Mukohyama 2009, 2010)



Ghost inflation and de Sitter
entropy bound

Jazayeri, Mukohyama, Saitou, Watanabe 2016

In gravity theories are
as important as Hydrogen atoms & blackbody
radiation in gquantum mechanics

* Provide for theories of gravity
e.g. black-hole entropy in string theory

e Ghost condensation can be consistent with BH
thermodynamics (Mukohyama 2009, 2010)

« How about de Sitter thermodynamics?



de Sitter thermodynamics

de Sitter (dS) spacetime is one of the three
spacetimes with maximal symmetry

dS horizon has temperature

In quantum gravity, a dS space Is probably
unstable (e.g. KKLT, Susskind, ...). So, let’s
consider a dS space as a part of inflation

Friedmann equation -
1st law with entropy S = A/(4G,) = /(G H?)
(This Is in contrast with analogue gravity systems.)



de Sitter entropy bound

Arkani-Hamed, et.al. 2007

* Slow roll inflation (non-eternal)

H = —4nGno*
S =m/(GnH?) dN = Hdt
o 00 s g L
p o a b ¢

dS  8w29®  [ép\

v~ (7)

|5p/p| 5 1 for non-eternal inflation

Ntot ,S, Send — Sbeginning < Send



de Sitter entropy bound

Arkani-Hamed, et.al. 2007
Eternal inflation

op/pZ1 = AN > AS

Fluctuation generated during eternal epoch
would collapse to form BH - unobservable!

- Nobs < Send

m~J

This bound holds for a large class of models
of inflation

Does ghost inflation satisfy the bound?



Ghost inflation

Arkani-Hamed, Creminelli, Mukohyama and Zaldarriaga 2004

/ Similar to

hybrid inflation but

4
cf. tilted ghost inflation, Senatore (2004) SCa“ng dim of Tt
op Horx l
P ¢

H Y H
~ (j [compare v T ]



Prediction of Large non-Gauss.

- 2
Leading non-linear interaction ”(VZ)
\Y/
non-G of ~ ﬁ(ij
v 1 a(Vir)?
(5,0)1/5 jdtd3X|:—7i'2— 5 _|_:|
~ p|— 2 M
Yo,

) f, ~ 82 Ba®, equilateral type

Planck 2015 constraint (equilateral type)

fNL = -4+ 43 (68% cL statisticary =P —0.6 < ,30!_4/5 <0.5



de Sitter entropy bound

Arkani-Hamed, et.al. 2007
Eternal inflation

op/pZ1 = AN > AS

Fluctuation generated during eternal epoch
would collapse to form BH - unobservable!

- Nobs ,S,. Send

This bound holds for a large class of models
of inflation

Does ghost inflation satisfy the bound?
The answer since N, can
be arbitrarily large. Swampland?



Lower bound on A?

_ Jaza_yeri, I_\/Iukohya_ma, Saitou, Watanabe 2016
* Tiny A prevents earlier inflationary modes

from being observed.
(end -~ (preh)l/S Qreh -~ (Seq )1/3
Ureh Pinf Qeq Sreh

a Qog \ °
6Mp— = —pi] ( q) + 2pA
a a

* Nops ~ N(kpallin) S S = W/(GyH)

M —2
‘ Op > —10%*? M < 100 GeV
A% EXD (100(}6\/) ~ e

* In our universe, Q,=0(1) and thus the
bound is




Cosmological Page time

Jazayeri, Mukohyama, Saitou, Watanabe 2016

- Hawking rad from BH = S, 4 = S, InCreases
but S;, (2 S,,,,) decreases > semi-classical
description should break down @ Page time,
when Sgy ~ half of Sgy it

» After inflation, we expect to see

When NObS — Send
» For example, if A decays at a=a,,, then

1 ) —2
APage N M Qdecay exp 1 042 M
Adecay 100 GeV Qeq 100 GeV




Ghost condensation Is

The low-E EFT is determined by the symmetry
breaking pattern.

Gravity is modified in IR.

Consistent with experiments and observations
If M <100GeV.

It appears easy but is actually difficult to violate
the generalized 2"d l[aw by ghost condensate.

Ghost inflation predicts large non-Gaussianity
that can be tested.



