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e Physics — General Relativity M; = 1/(82G)
M} | Ly,
S=|d*/—g|—R+L - R ——g R=—~
|eema| S ST

* Observations — Isotropy & Homogeneity in space — Cosmological Principles

on super large scales ~ 200 — 300 Mpc (1 pc ~ 10'° km)

Friedmann-Robertson-Walker (FRW) metric:

dr?
1 — kr?

ds? = — dt* + az(t)< + ,,dez)

Translational symmetry: everywhere in space looks the same — 1 xt— x'+ ¢!
Rotational symmetry: every direction looks the same — SO(3): x' — Oljxf
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Friedmann’s Universe

« Matter Lagrangian— Perfect Fluid: T*, = diag(—p(?), p(?), p(t), p(2))

» Continuity eqn. V  T", = 0:

p+3H(1 +w)p =0 H =

P
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Rad (w = 1/3): pp x a™

Dust (w = 0): p; a=>

Cosmological Constant (w = — 1): p, = const.
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Friedmann’s Universe

 Friedmann equations

a> 0
3G k i 4G
H* = pP—— —=—-—(p+3P) =
3 a’ a 3
* Energy conditions: positivity conditions on energy n#: timelike Z*: null

|
Strong energy condition (SEC) (TW ~5 gﬂy) nn*>0 — p+3P>0 and p+P 2> 0

Weak energy condition (VEC) T,,n*n*>0 — p+P20 and p=>0

Null energy condition (NEC)  T,£*¢* >0 = p+P2>0
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» All forms of known matters (even A) satisfy NEC& WEC p+P >0 and p =0

H=-42G(p+P) = H<O0 Hubble always decreasing
(k = 0) NEC

IEC —> Instabilities of a system, e.g. phantom field

Negative A (AdS) =

o SECeasilyviolated p+3P>0 and p+P >0

—> Both Inflation and DE with ¢ > 0 typically violate SEC
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Dark Energy as A

/A (> 0): Cosmological constant = Dark Energy

PA
H? = — a(t) « e w=—1
2
3Msg,
Done ™ 10~12 o4 $ Mf}1 _ Cosmologlcal Constant

| Problem |
pvac — : e —



Dark Energy as A

Present Energy Budget
/A (> 0): Cosmological constant = Dark Energy

o PA
& - 3M3 =

26.8% Dark

Matter

M3 ]

- mological Con t nt

Do~ 10 12 ay4 $ Pl Cos oog ca Co sta 68.3% Dark —
vee Do ; Problem | Matter

CDM: Cold Dark Matter — Non-relativistic

Formation of large scale structure

WIMPs (Weakly Interacting Massive Particles)

PBHs (Primordial Black Holes)

AXxions
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- Friedmann’seq. Q= p./p, w = w(z)
H? Z Z dz
= Q1+ 27+ Q1 + 9 + (1 + 2+ 2 P ol H 14w ]
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Almost zero

Caution about neutrinos!!
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Measuring w of Dark Energy

* Friedmann’seq. Q.= p./p. w = w(z)
H2 7 7 < d /
— = Qy(1+ 27+ Q1 +2* + (1 + 2> + QDEPDE( ) PoE®) _ exp H 1+ w(@)— ]
H(% PDE.0 PDE,0 0 1 +z
| | Almost zero
Caution about neutrinos!!
7, B d dL(Z) _1
* Linear parametrization w(a) =wy+w (1 —a) (2) = d_z 1 + 7
poe(z)  _ 3 (1—a
DE — 3wt g =3w,(1-a) a=(1+ Z)_l d;, = Luminosity distance

PDE.0

wow, CDM model Tight constraints on £2pg and w(z)



Dark Energy Evidences

 Responsible for accelerating expansion of the Universe today

2011 Nobel Prize — Perlimutter, Schmidt and Riess

. No Big |
Suzuki et al. 4|Bang

2012
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Perhaps DE is dynamical...

 DESI DR2 Results (DESI 25) I
: B DESI+CMB+Pantheon+
DESI4+CMB+Union3
—0.6- | — wow,CDM B DESI+CMB+DESYS5
—0.8 - + Binned w(z) - \\ - == DESI+-CMB
§ )
—1.2-
N
\5—1.4 ¢ | = 2
—1.6-
—1.8- N L . . , , ,
_90- =i9 68 0B 01 02 0.0
Wo
0 05 10 15 20 25 30 35 40
' | ' ' | | | | | wa = — 0.752 £ 0.057
2 0 DESI| + CMB
_ +0.23
Blue: no assuming a functional form of w(z) Wa = 0-86_0,20 + DESYS
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Dark Energy... H, = (67 — 74)

A ENergy

s - Mpc

- My, ~ 10" GeV Physics of Dark Energy = Low-Energy Physics
‘ On large scales, gravity (+ possible fifth
1015
Einp ~ 107 GeV force) matters

1. m, ~05 MeV 2
& _ Mp,
2

R+ ZL (. 0p, 00) + -+

A m, ~ 1 eV

1 o 1077 ev
| D If Dark Energy = Cosmological Constant /A

H() o 10—33 eV
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Quintessence Dark Energy

 Additional scalar field: pheno. extension of ACDM

_ | 44 Ml%l _l 2
S = |d*x/~¢ 5 R 2(3¢) V(¢)

o EoMofp(t) ¢p+3Hp+ V(p)=0 S

B _ Displacement Iin

1 . _ 1. ? one Hubble time
pp==B+V(§) and Py=—d7-V(p) = -1<w,= p_¢ <1 |

¢

. Vv |
» Slowroll ¢*/2 <V — H>~ — and H¢ ~ V'
Pl

V ~ m§¢2 = my<H~10"5 eV  Verylight field
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QUintessence Dark Energy Steinhardt, Wang, Zlatev 98
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e Tracker solution V(¢) = y n> 2 a(t) x1* => H= t
n n
.. 3a. M _ 0
« EoM of ¢h(¢) ¢+7¢— T
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Mn+4

94
e Tracker solution V(¢) = n> 2 a(t) x1* => H= t

a=1/2(RD)

..  3a .
» EoM of ¢(¥) ¢+7qb— =0
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Mn+4 00
e Tracker solution V(¢) = p n>2 alt) xt* = H= "
n n
« EoMofp(t) ¢+—¢——7=0 ~‘< ) ;;:
! P" - a=1/2(RD)
9 n+4
) =Ct'r = p= and p(f—1+3a)=
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QUintessence Dark Energy Steinhardt, Wang, Zlatev 98

Mn+4 o
* Tracker solution V(@) = p n>2 alt) xt* = H= 7
n n
« EoMofp(t) ¢+—¢——7=0 ‘tf .
t P" . a=1/2RD
p 9 4 n+4
1) = (Ct — dl — 143 —
P(1) — P W+ D P %) Cn+2

Attractor solution ¢ = CtP + ¢ —> @ xt’ withyis complex

|
qu — 5¢2 4 V(¢) x t—2n/(n+2)



QUintessence Dark Energy Steinhardt, Wang, Zlatev 98

Yoz, a
e Tracker solution V(g) = e n>2 a(t) o t* :> = 7
. EoMof () ¢+ SGr Mo ’ #= 25D '
t ¢+ - a=1/2(RD)
: N e
(1) = CtP :} B = — and pf(f—1+43a) = o

Attractor solution ¢ = CtP + ¢ —> @ xt’ withyis complex

4

Py = %qﬁ + V() f=2nln+2) Py decreases slower Pr X a
than pr and py, Py x a3 o 172
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) 2

« EoS parameter n > 2 — and  V(¢p) ~ ¢*> ~—  Not slow roll
3(1 + Wi) 12

_%4}2—‘/(45)_ n 2
- %$2+V(qb) T2 a2

04

Wo w; of component that dominates Universe
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background
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« EoS parameter n > 2 — and  V(¢p) ~ ¢*> ~—  Not slow roll
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Quintessence Dark Energy

» Perturbations of Quintessence d(t,X) = (1) + @(t,X)

— 80,00, =g Do+ @) + 28" (o + @)0p + g 0,0,

(ai¢)2
a2

= Zero-order + First-order - ('p2 +

Background Tadpole = 0 by
background EoMs

1
—> V(@) = V(g + @) = V(g + V) + EV”(Cbo)Cﬂ + -

FEMSMERREERE . SRR

- | w?* = k*
Quadratic action for 5O = Jd3xdta [

I 2
@(t, X): 540 B 272(6140) +--| = The speed of ¢ = speed of light

Subhorizon limit: kK > aH



k-essence Dark Energy

* k-essence model = clustering of quintessence

2
§ = Jd“x\/Tg [Ai” R+ P(X, ¢>] X =(9,4)

Arkani-Hamed et al. 03+04, Creminelli et al. 06, +++
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0,9
* k-essence model = clustering of quintessence “u = \/%(
4 Mlgl
S = Jd X\/—8& [ > R + P(X, qb)] X = (aﬂgb)2 T/w = 2XPX6/4¢6D¢ + gWP

» Match with the perfect fluid 1", = diag(—=p,p,p,p) —> p=2XPy—P p=PX )

» Neglect ¢)-dependence: P = P(X) = Superfluid

Clustering allows ¢ to travel with i
speed # speed of light For P(X) = X

2 1 -
Co = ? (Rad fluid)

« Expand: ¢ = ct + ¢(t, X)

PP = PUcD)[9? = (V)] + 2Py(cHc?p? =

c> < 1, DE actively contributes to structure
Arkani-Hamed et al. 03+04, Creminelli et al. 06, +++ formation as DM



Gravity on large scales

* Accelerated expansion of our Universe today leads
to a lot of activities trying to extend gravity and

cosmology beyond ACDM

E = GM/rc?
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* Accelerated expansion of our Universe today leads
to a lot of activities trying to extend gravity and

cosmology beyond ACDM

* Gravity has been tested on various regimes
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Gravity on large scales

* Accelerated expansion of our Universe today leads
to a lot of activities trying to extend gravity and

cosmology beyond ACDM
E = GM/ric”
* Gravity has been tested on various regimes :E;

* Allow for modification of gravity on large scales

Understand and test gravity better
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Gravity on large scales

* Accelerated expansion of our Universe today leads
to a lot of activities trying to extend gravity and

cosmology beyond ACDM
E = GM/ric”
* Gravity has been tested on various regimes :E;

* Allow for modification of gravity on large scales

Understand and test gravity better
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Gravity on large scales

10—10 || | I | I I | | | _
» Accelerated expansion of our Universe today leads on | Sinary Pulsars ) :
to a lot of activities trying to extend gravity and ol " S ;
cosmology beyond ACDM . swatee 1 ¥
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* Gravity has been tested on various regimes Sl \ sw/. ! ;
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10742 :_ y « , /7 _
* Allow for modification of gravity on large scales W / // _
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1078 _— .
* Focus on strong-gravity regime where deviations |
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Screening mechanism

e Solar system tests impose severe bounds on modifications of gravity

* Modifications of gravity are screened in high-density regime (solar system)
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Screening mechanism

e Solar system tests impose severe bounds on modifications of gravity

* Modifications of gravity are screened in high-density regime (solar system)
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Screening mechanism

e Solar system tests impose severe bounds on modifications of gravity

* Modifications of gravity are screened in high-density regime (solar system)
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Screening mechanism

e Solar system tests impose severe bounds on modifications of gravity

* Modifications of gravity are screened in high-density regime (solar system)

* In Einstein frame: &£ = — %Z””(qb, op, -++)0,90,¢ — V(P) + g(P)1,,

o Static source of mass M and ¢ = ¢(r) + @ P b

1. g(¢p) < 1: weak coupling
Z(QZ)(QD _ Cs2 Vz(ﬂ) 4 mg%(&)qo — g(&)Mé(S)(.;C)) " 2. m(¢p) > 1:large mass

i Chameleon mechanism :

\/ . 3. Z(¢) > 1: large nonlinearities f

@2 M m ()
0, Z} V¢(r) = 8¢ XP[ Z qg)qlb/zc ( qg)] Kinetic screening
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* Consider the cubic Galileon theory Vainshtein 72, Babichev & Deffayet 13, +++
¢ 3 8
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» EoM of ¢ (neglect gravity): Galileon symmetry: ¢ — ¢ + ¢ + b, x"

2T MAaN2 21 — g Non-linear EoM, but
L1¢+ [(—¢) (0ﬂ6y¢) ] - My, I up to 2nd derivatives

e Spherical symmetric ¢» = ¢(r) around point source 7, = — M5 (X)
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Use divergence thm.
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Vainshtein screening

 Solution for @'(r)

Vainshtein radius
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General scalar-tensor theories

 The most general scalar-tensor theories without the Ostrogradski ghost
. (Beyond) Horndeski Theories

Ly = G4(®,X)R — 2G,x(®, X)[(OP)* — @, D] — Fy(X, D) "7 °D D D, D,

1
Ls = G5(®,X)G,, " + EGSX(CI),X)[( @)’ - 3(OP)P,, P + 20, OHP* ]

—F(®, X)eﬂvpaeﬂ’”’ﬂ’a’cbpﬂ D, 0, D

Horndeski 74, Deffayet et al. 11, Zumalacarregui and
— — //”/ ) /
(Dﬂ o VM(I) X = 5 ()MCI)@U(D Garcia-Bellido 14, Gleyzes et al. 14 +++



General scalar-tensor theories

 The most general scalar-tensor theories without the Ostrogradski ghost
. (Beyond) Horndeski Theories

L,=G,(D,X) L;=G;D, X)) Modifies speed of GW on ®(7)

Ly = G4(®,X)R — 2G,x(®, X)[(OP)* — @, D] — Fy(X, D) "7 °D D D, D,

1
Ls = G5(®,X)G,, " + EGSX(CI),X)[( @)’ - 3(OP)P,, P + 20, OHP* ]

—F(®, X)eﬂvpaeﬂ’”’ﬂ’a’%cbﬂ D, 0, D

Horndeski 74, Deffayet et al. 11, Zumalacarregui and
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General scalar-tensor theories

 The most general scalar-tensor theories without the Ostrogradski ghost
. (Beyond) Horndeski Theories

L,=G,(D,X) L;=G;D, X)) Modifies speed of GW on ®(7)

Ly = G4(®,X)R — 2G,x(®, X)[(OP)* — @, D] — Fy(X, D) "7 °D D D, D,

1
Ls = G5(®,X)G,, " + EGSX(CI),X)[( @)’ - 3(OP)P,, P + 20, OHP* ]

—F(®, X)eﬂvpaeﬂ’”’ﬂ’a’%cbﬂ D, 0, D

Horndeski 74, Deffayet et al. 11, Zumalacarregui and
— — oMV a ;
q)ﬂ T VM(I) X = g ()MCI)@D(D Garcia-Bellido 14, Gleyzes et al. 14 +++

e (D)HOST Theories: Lagrangian contains second-order derivatives
of a scalar field

Langlois and Noui 15, Langlois 17 +++



GW is traveling through a Medium of Dark Energy @©(7)

(Lorentz violating medium)

2 2
In general CGy 7 Clight



GWs in Modified Gravity
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Beyond GR: generic effects on GW propagation
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Beyond GR: generic effects on GW propagation
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Beyond GR: generic effects on GW propagation
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Effective friction term
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Beyond GR: generic effects on GW propagation
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GWs in Modified Gravity
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Beyond GR: generic effects on GW propagation

hii + (3 +y)H(t)hl-]. - CGW Vih; + mzh = S(¥))

a*(t) w

Effective friction term Speed of GW Effective mass term



GWs in Modified Gravity

GR:  hy+ 3H(Dh;; -

Vih. =0
a2(r) Y

Beyond GR: generic effects on GW propagation

Source term e.g. scalars

.. . 1
hi; + (3 + V)H(h,; — 0 Caw Vihi + mih; = S(¥y)
T a — -

Effective friction erm Speed of GW Effective mass term



GWs in Modified Gravity

8

a*(t)

Beyond GR: generic effects on GW propagation

Source term e.g. scalars

. . ] o
hi; + (3 + V)H(h,; — 0 Caw Vihi + mih; = S(¥y)
' a —— s -

Effective friction term Speed of GW Effective mass term



GWs in Modified Gravity

o0 ® 1
. 2 _ 2 _ 2 _
GR: h;+3Hh; — 20 Vih; =0 v=0,cGw=1,m;=0

Beyond GR: generic effects on GW propagation

Source term e.g. scalars

i+ (3 WHOhy = ——cly Vihy + mih; = S(‘I’M)

a%(t) =

Effective friction term Speed of GW Effective mass term

A Test of GR and Modified Gravity



GW170817 @ LIGO = GRB170817A @ Fermi

Event rate (counts/s)

Frequency (Hz)

LIGO/Virgo + Fermi/GBM + INTEGRAL 17

1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)

1500 - _\_
1250 -

1000 '|'||.L"“""" ..... uh _lq]H_' |”_|" i lemuu — I — a1 1 ]I I||I "u-'"N I - IiJ"II.JII|_“”__I. [ mllwl I||
i T IV fiio ~ 100 Hz ~ 10713 eV

790 -

Iqug Gravitational-wave time-frequency map

300 r ~ 40 Mpc
200
Chirp mass
100
M.~ 1.18 M
50
10 -8 —6 —4 -5 0 2 4 6

Time from merger (s)
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Creminelli and Vernizzi 17, Ezquiaga and Zumalacarregui
17, Baker et al. 17, Sakstein and Jain 17
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Consequence of ¢, = 1

M? . C
Expand the (beyond) Horndeski action on ®(¢):  S[h;] = - Jd“x a’(t) lhf] oW (()khlj)zl

e Impose c(z}w = ] at LIGO scales

Ly = Gy(P,X)R — 2G (@, X)[(OP)* — @, D] — Fy(X, D)’ e P °D D, D, D

1
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17, Baker et al. 17, Sakstein and Jain 17



2 _
Consequence of ¢, = 1

: : M2 3 CGW 9)
Expand the (beyond) Horndeski action on ®(7):  S[h;] = e d*x a’(t) | h (()khij)

e Impose céw = ] at LIGO scales

Ly = Gy(P,X)R — 2G (@, X)[(OD)* — @, D] — Fy(X, D)’ e P °D D, D, D |

1
Ls = G5(CI),%§GWCD S Ot ®; P e o s ~

L (D. X\ MPO V /2 0 D . D . D..D. D

’ TRV ppT 00 Creminelli and Vernizzi 17, Ezquiaga and Zumalacarregui

17, Baker et al. 17, Sakstein and Jain 17
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Example of using the constraint c5,, = 1

« Beyond Horndeski Theories with céw =]

- — — 4 — — —
Lcéw=1 — G2(6D X) + G3(CI> X) (1P + B,(®, X)R — §B4X(CI>/"CI>”<I> |:| O - D, ch
X Caveats: Validity of the theories — the cut-off scale of the theories

By = G4+ =G5

de Rham and Melville 18



Example of using the constraint c5,, = 1

« Beyond Horndeski Theories with céw =]

— = — — —— ———— e —— e — -::—_ﬁ

Lcéw_l = Gz(q) X) + Gy(@. X) (1@ + B,(®, X)R - B4X(q)@yq) o- oo, CIU o ]

X Caveats: Validity of the theories — the cut-off scale of the theories
By = G4+ =G5 .
de Rham and Melville 18

« Scalar-tensor Theories with céw = ], no GW decay, and no instabilities of dark
energy

uLz

” c&w—1,no—decay

After performing g, — C(CI),X)gW Creminelli et al. 18, Creminelli, Tambalo, Vernizzi and VY 19 + 20



EFT of Dark Energy



Effective Field Theory approach

* Efficient way to study a perturbation around fixed background

» Effective Field Theory of Inflation/Dark Energy Cheung et al. 08, Gubitosi et al. 12, +++

ds® = — dt* + a(t)zdxl-dxi

¢(t)= const

d(7) spontaneously breaks time diffeomorphism

S = Jd“x, /=g LIt N, K, CR, ...]

ds* = — N°dt* + hy(N'dt + dx")(N'dt + dx)

The action is invariant under 3d diff.
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Simple example

Mp,
2

- . | 4 1
Quintessence: S = Jd X\/—& [ R — E(aﬂcby — V(D)

Take the background @ = CTD(t) — Unitary gauge

(0,0)* — gV®? and V(@) — V()



Simple example

M3 1
[ "R - E(aﬂd))z — V(CI))]

Quintessence: Jd“x\/_

Take the background @ = CTD(t) — Unitary gauge

(0/4(13)2 —> gOOCTDZ and V(®P) - V(1)

The EFT action:  Sgpr = Jd“x\/ [ PIR A(f) — c()g® + -




Simple example

M3 1
[ “R — ~(0,®)° V(cb)]

Quintessence: Jd4x‘ /—

Take the background @ = CTD(t) — Unitary gauge

(0,0)* — gV®? and V(@) — V()

SRR

LI EE i S W

- I -
Dictionary:  A(t) = V(t) and c(t) = ECDz




Simple example

ME 1
[ "R - E(aﬂd))z - V(CI))]

Quintessence: "d4x\ /—

Take the background @ = CTD(t) — Unitary gauge

(0,0)* — gV®? and V(@) — V()

SRR

LI EE i S W

Dictionary:  A(f) = V() and c(f) = lci)z = H°= : [c(?) + A(7)]
2 M3




Simple example

Mg,
k-essence: § = Jd“x, [—g [ 2P R + P(X, CD)]




Simple example

M2
K-essence; § = '[d4x1 [— & [ 2P1R -+ P(X, (I))]

In unitary gauge  P(X, ®) — P(gOOCTDZ, )



Simple example

[Mm

R + P(X, CD)]

kK-essence: Jd4x' [—g

In unitary gauge  P(X, ®) — P(gOOCTDZ, )

i 00 _ -00 00
j] 8 =8 T 0g

> = P(3"®%)
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= P+ ®Py 58 + 2<I>4PXX (68™)* +



Simple example

M2
K-essence; § = Jd4x1 [— & [ 2P1R -+ P(X, (I))]

In unitary gauge  P(X, ®) — P(gOOCTDZ, )

! 00 _ =00 00
— = 3 p— _I_ 5 .y g=
P = P(3"d?) § =8 § EFT building blocks

A .
= P + ®°Py 5g%° + —®*Pyy (62" + -+

2 I



Simple example

M2
K-essence; § = '[délx1 [— & [ 2P1R -+ P(X, (I))]

In unitary gauge  P(X, ®) — P(gOOCTDZ, )

! 00 _ =00 00
— — 1 — - 5 T
P = P(3"d?) 5 8 8 EFT building blocks

= P + ®°Py 5g%° + —®*Pyy (62" + -+

2 I

|
—R — A — cg” +—m;(5g")*

M
2 2

Upto O(2) Sger= Id“x\/Tg



Simple example

[MPI

R+ P(X, CD)]

K-essence: Jd4x\/7

In unitary gauge  P(X, ®) — P(gOOCTDZ, )

{ 00 _ -00 00
] 8 =8"+08 EFT building blocks

P = P30

= P+ ®°Py 58" + —D*Pyy (68™) +

2

1
P 00N2
5 A\ g > 2(8 )

Upto O(2) Sgpr = Jd“x\/* [

$ A=—P+ gOOCTDZI_’X C = — CTDZPX mﬁ‘ — (i)4PXX



Simple example

kK-essence:

5= [y

[MPI

R+ P(X, CD)]

In unitary gauge  P(X, ®) — P(gOOCTDZ, )

> = P37

"'
o
N
3 g
v
L
il
« 0 ‘< .
‘.f o A
., g
Ry
-8

00

= &

00 4 5g00

EFT building blocks

_ i |
:P_|_(I)ZPX5gOO+_(D4PXX(5gOO)2+

Upto O(2) Sgpr = Jd“x\/* [

—> A=-P+3"0%P,

2

_Plp
2

2

|
_ A _ Cg _|_ _m2(5g00)2

_ _(i)sz

2

— &)4}3 XX :




M2
S = d4x\/Z7 SK!6K! — 5K2+<3>R5N<3>R+Za(z)@@((szv 5K,---)|  Observations

6K: = K — H&; Dewatlons
Models from GR
Modified gravity roadmap Constrained by
dRGT— GW speed

Massive
Gravity

General Mg > 0 NN GW damping k., g, Oy,
Relativit ."'.‘.;vlul{‘p\\ iy GW oscillations
y Tensor ‘.gré\?iivi:_? - aM, aT, etC.

Unique theory f N\
j

N GW dispersion

1

Galaxy clusters — SDSS

Proca

my > 0

Break . \ Quint-

Assumptions - Extra
-dimensions;

‘ (X
{ ‘Non-Local har
. e P 4 {6X ‘

Ezquiaga and Zumalacarregui 18 Grav. Waves

of massless g,,,,

Additional
Field

CMB — Planck

essence

B Bridges the models and

\ Dicke:

e observations in a minimal
and systematic way




EFT of DE after GW170817

« EFT of Dark Energy in unitary gauge: o0® = 0

M}( 4 f 3 t
S = Jd“x\/Tg ITJC (DR — A(t) — c(t)g™ 4 mzz( )(5g00)2 m32( )
0D g 000K il 592557, — 0 7

2 2
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EFT of DE after GW170817

« EFT of Dark Energy in unitary gauge: o® = 0

M; m; (1) (1)
SEFT _ Jd“x, [—g [T AR — A(F) — c(1)g™ A ; (5g™)? 5 586K — mZ ()6
n7(t 2(t t f
| m‘;( ) 50000R m52 W 50059, m;( 59, — i (15™6€, 73( ) 50959,

5800 =1+ goo 5K5 — Kf — H55 , Creminelli and Vernizzi 17, Ezquiaga
Ct = 1 and Zumalacarregui 17, Baker et al.

17, Sakstein and Jain 17 :

6H, = 6K* — 6KI'6K !,

6%, = 6K!'VRY — 5KVR/2
m;SH » D mfj/?j
6H = 6K — 36K6K!6K! + 26K 6K)6K?



EFT of DE after GW170817

« EFT of Dark Energy in unitary gauge: o® = 0

(1) (1)
SEFT — Jd4x\/7 [— FOR — A(f) — c()g™ 4 ; (5g™)? ; 5g005K—:%/(t)5%2

~ .
m4 m5

2 (t f '
:m‘;( ) 50000R () 5¢W5H , / 5H -, — »7/t)5g005562 "/) 5g005%3]

5800 =1+ goo 5K5 — K/f — H55 Creminelli and Vernizzi 17, Ezquiaga
and Zumalacarregui 17, Baker et al. :
SH -, = 6K* — 0K} /6K é 17, Sakstein and Jain 17

6%, = 6K!'VRY — 5KVR/2

m;SH » D mfj/?j
6H = 6K — 36K6K!6K! + 26K 6K)6K?



EFT of DE after GW170817

« EFT of Dark Energy in unitary gauge: o® = 0

4 3 ’
m, (1) (5g00)2 m3 (1) 5gOO5K _ %t)é%z

2
SH = Jd“x\/fg [% f(OR — A() — (g™ 4 ; 5

~2 _ .2
m4—m5

(1) m2(t) me(?) / m-£1)
| ‘; 5g%0CR 52 555, 2/; ST  — »76/(055)005562 /3/ 5g005%3]

5800 =1+ goo 5K5 — Kf — H55 , Creminelli and Vernizzi 17, Ezquiaga
Ct = 1 and Zumalacarregui 17, Baker et al. :
OK » = SK? — 5K£‘5K/’; 17, Sakstein and Jain 17 ;,_

6%, = 6K!'VRY — 5KVR/2

2m;
2 22 : 2 4
m 5%23771 }/ l—C —
5H 5 = 6K> — 36KSKI'SKY + 25K"6K! 5K ’ o MRS



GW decay y — zr

e EFT of DE after GW170817

SEFT [d4x\/7 [

OO.

m; ()

(5g00)2

Creminelli et al. 18



GW decay y — zn

e EFT of DE after GW170817 Creminelli et al. 18

4 3 ~
() ms (1) (1)
SCE;F_T J'd4x\/7[ 00 | 22 (5g00)2 32 58005K | ‘; <5g00(3)R . 58005%2)

Most relevant terms



GW decay y — 7

e EFT of DE after GW170817 Creminelli et al. 18
4 3 ~
EFT 4 00 | 2(t) 00N\2 m3(t) 00 : m4(t) 00(3) 00
Sy = Jd x1/*[ > (5g") ; 5g"6K 4 ; (6g"CR — 68" ,)
‘Most relevant terms
~7
@ — ¥ 0.0 Ay = Ay =10"1 eV
A3 Ms, (ki)



GW decay y — zn

e EFT of DE after GW170817 Creminelli et al. 18
4 3 ~
. m (1) m3 (1) | (1)
SCETF_T J'd4x\/7[ 00 ; (5g00)2 ; 58005K | ; <5g00(3)R _ 58005%2)
Most releant terms
~7
g —}/a][a][ OZH — A3 — 10_13 eV
e A% S MI2>1 m(k1)
Vi; (P)
I — 1 — 62 2 ’
UGN 1020a§1( ) <1
H() 4807Z'C7



GW decay y — 7

e EFT of DE after GW170817 Creminelli et al. 18

[
SEF = J'd4x\/7 [ 22 (68°)° = — =08 ™6K + —— (8g"*"R - 5¢6.7 )

Most relevant terms

A aHj/' 0.770.7T o 2’%421 A, =108 eV
—— oo . . H — 3 —
S R Mg, (k1)

Beyond Horndeski is highly
constrained as DE models



Resonant GW decay y — zx

 Take into account large occupation number of gravitons Creminelli, Tambalo, Vernizzi and VY 19

» EoM of (¢, X) in the background of GW 7, = Mp /iy sin(w(i — 2))e;;



Resonant GW decay y — zx

 Take into account large occupation number of gravitons Creminelli, Tambalo, Vernizzi and VY 19

» EoM of (¢, X) in the background of GW 7, = Mp /iy sin(w(i — 2))e;;

ii—c>Vim — c2ﬁ sm[a)(t — z)](a2 az)n —

Due to the Coupllng yljd na T
2
200~ Mphi
A

p =



Resonant GW decay y — zx

 Take into account large occupation number of gravitons Creminelli, Tambalo, Vernizzi and VY 19

» EoM of (¢, X) in the background of GW 7, = Mp /iy sin(w(i — 2))e;;

2

’ Re

-1.0

T — (32 Ver — c2ﬁ sm[a)(t — z)](d2 az)yz =

Due to the coupllng yl]d na T o=

2050 Mpihf

— (N3
P = A3 1
f < 1: Resonant instability .
dzﬂ'—’ TT=> ~ e/’”: //t ~Y ﬂ
dTZ” [A—2gcosQo)lm; =0 —p P o

Floguet exponent



Resonant GW decay y — zrn

10—17

10—18

10—19

r [Mpc

1 10 102

LIGO/Virgo

\\
—
—~—
\\
—_—

\s

—
S
—y,
—
—y,
—
—y
\
—_—
-

—_—
\\

- Modification to GWs: y;; = 7;; + Ay;;

* Neglect nonlinearities of 7’'s and

- Absence of sizable Ay;; rules out

Perturbative bound: |ay;| < 10719

Creminelli, Tambalo, Vernizzi and VY 19



DE Instabilities by GWs

» Large GW amplitude: / > 1 Creminelli, Tambalo, Vernizzi and VY 20

it —c;Vim— clpsinfo(r — 2)](0; — 0))r = 0



DE Instabilities by GWs

» Large GW amplitude: / > | Creminelli, Tambalo, Vernizzi and VY 20

ii —c;Vir —c;psinfw(t — 2)|(0; — 0)r =0 => Gradient instability!

o =



DE Instabilities by GWs

e Large GW amplitude: // > 1

Creminelli, Tambalo, Vernizzi and VY 20

ii —c;Vir —c;psinfw(t — 2)|(0; — 0)r =0 => Gradient instability!

o =

ive: i neariti A, =107 eV
e ToO naive: one needs to consider nonlinearities of 7

_ —13
m33 A3 = 10 eV

OM3H

L = ——n""0 o r ] 7(07)* 1 aB}'/ 0.70.7T B 7 Op =
= . | jjOitO;7t ij B =
2 ey A3 A3 S Mp, 7




DE Instabilities by GWs

e Large GW amplitude: // > 1

Creminelli, Tambalo, Vernizzi and VY 20

ii —c;Vir —c;psinfw(t — 2)|(0; — 0)r =0 => Gradient instability!

o =

ive: i neariti A, =107 eV
e Too naive: one needs to consider nonlinearities of 7

_ —13
mg A3 = 10 eV

OM3H

L = ——n""0 o r ] 7(07)* 1 aB}'/ 0.70.7T B 7 Op =
= . | jjOitO;7t ij B =
2 ey A3 A3 S Mp, 7

- Expand around nonlinear solution: 7 = Z+ 6 = £ = ZM"(x) 0,070, 67



DE Instabilities by GWs

e Large GW amplitude: // > 1

Creminelli, Tambalo, Vernizzi and VY 20

i — 2V — c2ﬁ s1n[a)(t _ Z)](aZ ()Z)ﬂ =0 => Gradient instability!

ive: i neariti A, =107 eV
e Too naive: one needs to consider nonlinearities of 7

L = — —1 n*'o mo : (o)’ 4 y 0,70, - = Ty Ap = >
g 2 ey A] A3 / Mp, 7 5

- Expand around nonlinear solution: 7 = Z+ 6 = £ = ZM"(x) 0,070, 67

7% > 0: No ghost
S0 ij AK‘ VVV'VV‘VVA‘A
7%7Y — 7979 > 0: No gradient AY \/ .



DE Instabilities by GWs

» Bound on ap: cubic Horndeski

Creminelli, Tambalo, Vernizzi and VY 20

* Absence of ghost/gradient instabilities

3.10—2\ _ J =30Hz
<:3 MC:28M@
2-1072F A
3
1-1072E
0

\ no gradients

—1-1072

—2-1072¢

—3-1072E

0 0.25 0.5 0.75 1



DE Instabilities by GWs

» Bound on a,: cubic Horndeski Creminelli, Tambalo, Vernizzi and VY 20

* Absence of ghost/gradient instabilities

z}10—2<\\ f =30Hz
MC — 28 M@

2-10% ¢

w>/\U\/

e Surviving scalar-tensor theories as DE models
1-107%

: AN S| = [d4x\/7 [— fIOR — A1) — c(1)g™ +
no gradients

—1-1072

(5800)2

m; ()
P

—2-1072¢

—3-107%}

0 0.25 0.5 0.75 1



DE Instabilities by GWs

» Bound on ap: cubic Horndeski

3-1072

21072}

1-102 ¢

—1-1072

—2-1072¢

—3-107%}

N

w > Ayv

f =30Hz
MCZQSM@

\ no gradients

0 0.25

0.5 0.75

Creminelli, Tambalo, Vernizzi and VY 20

* Absence of ghost/gradient instabilities

e Surviving scalar-tensor theories as DE models

(5800)2

4
SEEL = [d4x\/7 [— Ff(OR — At) — c(H)g™’ + 22@

)

' VA '?

K-essence + non-minimally coupled with gravity



Modified Gravity as an EFT

On larges scale gravity is modified

fiico ~ 1077 eV Energy scale

Hpy ~ 107 eV fisa ~ 107'% eV A

‘ ‘
1 1

Infrared (IR) regime:
Effective Field Theory works

cut—oft ]wp1 o 1028 eV

On small scales (solar system) gravity behaves the same as in GR

The presence of the fifth force (on small scales) can be typically suppressed by screening mechanism

(but not necessary)
: loo(ﬂ)m
v pc
Mg



EFT of BH Perturbations



Black hole regime
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* We have detected many mergers e.g. GW150914,
GW170817, GW190424 etc.

 Each phase can be described by:

Inspiral: Post-Newtonian method

Merger: Numerical relativity

Ring-down: Black hole perturbation theory
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* We have detected many mergers e.g. GW150914,
GW170817, GW190424 etc.

 Each phase can be described by:

Inspiral: Post-Newtonian method

Merger: Numerical relativity

Ring-down: Black hole perturbation theory

 Formulate the Effective Field Theory

= Test of GR and modified gravity (model-indep.)

e.g. QNM, Love number



Construction of the EFT

Cosmological regime

(EFT of Inflation/DE)
Cheung et al. 08, Gubitosi et al. 12, +++

Black Hole regime
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0" D(7) timelike everywhere
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Construction of the EFT

0"D(7) timelike everywhere | r-constant |

. Effective field theory |
applicable for both regimes;

Cosmological regime

(EFT of Inflation/DE)
Cheung et al. 08, Gubitosi et al. 12, +++

Black Hole regime



Construction of the EFT

 Similar to EFT of Inflation/DE on FLRW metric  Cheung et al. 08, Gubitosi et al. 12, +++

< Scalar-tensor theories e.g. Horndeski and beyond

Horndeski 74, Deffayet et al. 11, Zumalacarregui and Garcia-Bellido 14,
Gleyzes et al. 14, Langlois and Noui 15, Langlois 17, +++

.  ®(7) breaks 7-diffeo. spontaneously



Construction of the EFT

 Similar to EFT of Inflation/DE on FLRW metric  Cheung et al. 08, Gubitosi et al. 12, +++

< Scalar-tensor theories e.g. Horndeski and beyond

Horndeski 74, Deffayet et al. 11, Zumalacarregui and Garcia-Bellido 14,
Gleyzes et al. 14, Langlois and Noui 15, Langlois 17, +++

« (1) breaks 7-diffeo. spontaneously o o
ds* = — N*dr* + h;(dx"+ N'dr)(dx’ + N'dr)

« EFT action in unitary gauge: 0® = 0 o7 = — 1/N?

This action is invariant under 3d diffeo and valid for generic background geometries



Dynamics Iin odd-parity sector

2

dr
o Background metric: ds® = — dz? + [1 — A(P)]dp? + r?dQ*> <> ds* = — A(r)dt’ A B0 - r2dQ?

* The odd EFT action up to second order:

M? - _ 1
Sodd = [d“x\/—g IT*R - A(y) — (Vg™ — (WK — a()K K + 5M§(y)5KL” oK,

Modifies speed of GW
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2

dr
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Dynamics Iin odd-parity sector

2

dr
o Background metric: ds? = — dz? + [1 — A(N]dp? + r?dQ?> <> ds* = — A(r)dt* + B0 - r2dQ?

* The odd EFT action up to second order:
4 Mi’ T 0 U U 1 2 U U
Sodd = | d ' X\/—8 TR - A(y) — (Vg™ — (WK — a()K K + 5M3 (V)S6KI'6K,

e Quadratic Lagrangian with A(r) # B(r) :

Function of
L = ,fl..,.l,.,.(at 7)? — gi(ar)()z — X . M2, Mg,ti:,CA'?,?) (;nd B(r)

Vo a, 1 dz\/alaz 1 (d alaz)z
o(r) = — A
T : a, 2./aya, dr? 4a,a, drs
re = —dr
as

Generalized Regge-Wheeler We want to solve this diff. Eq.!!



Stealth Schwarzschild solution

rH ) M3(l")2
We choose: A(r)=B(r)=1-—— ar(r) =cp— 1= > -
r M + M;(r)
= Cconst.
1.2+
I T — 0 (GR)
.o- ap = 0.2
- N ap = —0.2 Jr)=1—r,/r
0.8~
e i . . _ _
% o Graviton horizon: 1, = ry/(1 + ay)
~ :
O e ar>0=r, <y
0.2¢ The presence of o changes the height of V
()
0

_ 11 I
r«(r) = (1 + ay) [r + r,log 1 }
v
8




QNM calculation

W, 1) = Q(r)e ™™

r = 1) Fy s = 1 00 1d time-indep. Schrédinger eq.

GW sees Iy

_ _




QNM calculation
P(t, rs) = O(rs)e ™"

=00 + (@ = Ve Q(r) = 0|

r = 1) Fy s = 1 00 1d time-indep. Schrédinger eq.

GW sees Iy

A specific frequency that satisfies the two BCs

/ Is the quasinormal frequency

Review: Hatsuda and Kimura 21




(r = r,)

GW sees Iy

_

QNM calculation

W, 1) = Q(r)e ™™

. N —  :
J —ZQ(F*) + (602 — Vep)O(rx) =0 |
r,r« = + 00 1d time-indep. Schrodinger eq.

A specific frequency that satisfies the two BCs

Is the quasinormal frequency

Review: Hatsuda and Kimura 21

e @ Is complex number = the Im part describes the damping of the GW signal

* QOther methods: WKB method, Leaver’s method, parametrized QNM method

Chandrasekhar and Detweiler 75, lyer and Will 87, Konoplya 03
Leaver 85, Schutz and Will 85, Nollert 93, McManus et al. 19, Kimura 20, +++



QNM in Stealth Schwarzschild case

» The fundamental QNM frequencies can be obtained by a simple rescaling from @

Re(rgwo)

A(P)=B(r)=1--H

r
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The Hayward potential

* We choose: A(r)=B(r) =1

ar(r) =

0.7

U
r3 + o’

o> (2r° + 6°)
(3 + 6°)?

— o/u=0(CR)

ar(r) ~ 1/7° as r - oo (LIGO bound)

WV A7) = [1

P46

dS core as r — 0 & Schwarzschild limitas r = oo

X

I

3 47 +26°7°(8F — 1) + 6°r(F—7) — &

At4 7
X
(7B + 6°)?

r=rlu

A7 + 53)

= ol u

The only free parameter is o/ 1

* The graviton horizon satisfies

4 3 3\ —
ry, —u(r, +o07) =0

}



QNM in Hayward case

o.&m& —0.160!
0.747} —
S 0.700} 5
= < —0.170,
~ 5
0.6001
. —0.180!
04 —02 0 02 04 06 08 1 04 —02 0 02 04 06 08 1
1/3 . 1/3 .
'’ =o/u '’ =o/u
—0.160!
:31 _0.170! Leaver (up to n?)
\é/ ------- - Leaver (up to 774)
a —— Padé approximation ([2/2] order 1n n)
—0.178 . direct integration
—0.180!

0.700 0.717 0.800
Re(puwp)

0.600

 The fundamental QNM frequencies
are fully numerics, using direct
integration — black dot

 Other methods e.qg. Leaver
method + Padé approx. are a
useful cross-check.

* Higher overtones give a possible
probe of geometry around the
horizon (Konoplya 23)



Tidal Love number

* Describes how compact objects response to the external field Oshita, Takahashi. VY 24



Tidal Love number

* Describes how compact objects response to the external field Oshita. Takahashi. VY 24

* |n our EFT, the master equation in the odd sector:

‘P(r*, a)) — O

dr?

[dz Fw? — F(r)V. (1)
' eff

* Impose regularity condition at the (graviton) horizon



Tidal Love number

* Describes how compact objects response to the external field Oshita. Takahashi. VY 24

* |n our EFT, the master equation in the odd sector:

‘P(r*, a)) — O
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Tidal Love number

* Describes how compact objects response to the external field Oshita. Takahashi. VY 24

* |n our EFT, the master equation in the odd sector:

‘P(r*, a)) — O

d2
[drz - w? — F(r)V «(r)

* Impose regularity condition at the (graviton) horizon

£+1 , _
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Tidal Love number

* Large-r limit:




Tidal Love number

* Describes how compact objects response to the external field Oshita. Takahashi. VY 24

* |n our EFT, the master equation in the odd sector:

| K, =0inGRfor BHin4d f

{ Damour & Nagar 09, Binnington |
& Poisson 09, +++ :

‘P(r*, a)) — O

d2
[drz - w? — F(r)V (r)

* Impose regularity condition at the (graviton) horizon

£+1 , _
\Hm~<£> 1 @(f)
g ! i

Tidal Love number

* Large-r limit:




Tidal Love number

* Describes how compact objects response to the external field Oshita. Takahashi. VY 24

* |n our EFT, the master equation in the odd sector:

| K, =0inGRforBHin4d |

{ Damour & Nagar 09, Binnington |
& Poisson 09, +++ :

‘P(r*, a)) — O

d2
[drz SORES F(r)V (r)

* Impose regularity condition at the (graviton) horizon

£+1 , _
W(r) ~ (ri) |+ 0 (f)
g ! i

 With small modifications from GR on Hayward background:

Tidal Love number

* Large-r limit:

7 11 2
= o°/r> K, ,=0- 2 324 .
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Tidal Love number

* Describes how compact objects response to the external field Oshita. Takahashi. VY 24

* |n our EFT, the master equation in the odd sector:

| K, =0inGRforBHin4d |

"5 Damour & Nagar 09, Binnington '
& Poisson 09, +++ :

‘P(r*, a)) — O

d2
[drz SORES F(r)V (r)

* Impose regularity condition at the (graviton) horizon

£+1 , _
W(r) ~ (%) 140 (7(?)
g ! _

 With small modifications from GR on Hayward background:

Tidal Love number

* Large-r limit:

affects the waveform

7 11 2 -8 during inspiral phase
n=o'lr Kioo=0+—n"——n+—n*+ - ;TR

20 20 S

GR deviations




Dynamics of even sector

* There are two propagating DoFs (1 scalar + 1 tensor) 0g,, =8, — 8.

égn — A(r) HO(T9 r) 5gz'r — \/1 — A HI(T, I”) 5(1) — q) — q_)(T)
5grr — HZ(T’ I”) 5gra — 5gm — O 5gab — FzK(T, r)yab

The background ~ approx. stealth Schwarchild solution (De Felice et al. 23)
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e Scordatura term resolves strong coupling problem when CS2 — () Motohashi and Mukohyama 19, +++
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égm' =A(7') HO(Ta 7') 5gﬂ. — \/1 —AHl(T, 7') 5(1) — (I) — (T)(T)
58rr — Hz(Ta r) 5gm — 5gm =0 5gab — 1”27&/'(4, I’)}/ab Gauge transformation
The background ~ approx. stealth Schwarchild solution (De Felice et al. 23)
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Dynamics of even sector

* There are two propagating DoFs (1 scalar + 1 tensor) 0g,, =8, — 8.

égm' =A(7') HO(Ta 7') 5gﬂ. — \/1 —AHl(T, I’) 5(1) — (I) — (T)(T)
58rr = Hz(T, ) 5gm — 5gm =0 081 = rzkl'(é, I’)}/ab Gauge transformation
The background ~ approx. stealth Schwarchild solution (De Felice et al. 23)

e Scordatura term resolves strong coupling problem when CS2 — () Motohashi and Mukohyama 19, +++

2 aL( (I))2

M oy k*
_ 4 — Pl . . . _ 9) L
S = Jd X\/—g [—2 R+ Fy(X) + e ] # Dispersion relation of 0®: @

A2
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Dynamics of even sector

* There are two propagating DoFs (1 scalar + 1 tensor) 0g,, =8, — 8.

égm' =A(7') HO(Ta 7') 5gﬂ. — \/1 —AHl(T, I’) 5(1) — (I) — (T)(T)
58rr = Hz(T, ) 5gm — 5gm =0 081 = rzkl'(é, I’)}/ab Gauge transformation
The background ~ approx. stealth Schwarchild solution (De Felice et al. 23)

e Scordatura term resolves strong coupling problem when CS2 — () Motohashi and Mukohyama 19, +++

M3 o (C]D)?

A
_ 4 — Pl . . . _ 9) aLk
S = Jd X\/—g [—2 R+ Fy(X) + e ] # Dispersion relation of 0®:

A2

12

* Dynamics of o® at linear order decouples from others

Mukohyama, Takahashi, Tomikawa, VY 25



Dynamics of even sector

* There are two propagating DoFs (1 scalar + 1 tensor) 0g,, =8, — 8.

égm' =A(7') HO(Ta 7') 5gﬂ. — \/1 —AHl(T, I’) 5(1) — (I) — (T)(T)
58rr — Hz(Ta r) 5gm — 5gm =0 5gab — 1”27&/'(4, I’)}/ab Gauge transformation
The background ~ approx. stealth Schwarchild solution (De Felice et al. 23)

e Scordatura term resolves strong coupling problem when CS2 — () Motohashi and Mukohyama 19, +++

M2 o ([(]D)> o k*
§ = d4X — —P1R+FX+L | | | ' o= -
J \/—& [ > 0o(X) A2 # Dispersion relation of 0@: @~ =~ A2
* Dynamics of o® at linear order decouples from others ) 3\/1 A . aC
—6® + ————5P 4 /tz 6@ = a S,[5P)
r

Mukohyama, Takahashi, Tomikawa, VY 25



Background inhomogeneity

* The EFT operator contains bg. inhomogeneities Takahashi. VY 24
2

gOdd D M6(V) 5/; 5K55K,3 A(l’) — B(F) — | aid

r3 + o3




Background inhomogeneity

* The EFT operator contains bg. inhomogeneities 5/ = K* — Kh*/3

17

Mukohyama, Seralille,
Takahashi, VY 24
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Background inhomogeneity

* The EFT operator contains bg. inhomogeneities 5/ = K* — Kh*/3

17

Mukohyama, Seralille,
Takahashi, VY 24

2

gOdd D M6(V) 5/; 5K55K,3 A(r) — B(r) —3 | Hr
— r3 + o’
» Non-trivial sound speeds for GWs sound black hole ~ a"”(r) = ¢; 5 — 1 & My(r) n=olr,



Background inhomogeneity

* The EFT operator contains bg. inhomogeneities 5/ = K* — Kh*/3

17

Mukohyama, Seralille,
Takahashi, VY 24

2
_ r
L odgq D Mg(r) o7 5K§5K/ff A(r) = B(r) =1 3” 3
— r°+ o
L 0 N —
» Non-trivial sound speeds for GWs sound black hole ~ a{/*”(r) = ¢}y — 1 & Mg(r) n=olr,
0
R 0.05 37,3 4 3 *
L — = 20°(2r° +
- oL n = 0.10 a}p)(r) = — o Cr o) —0.02
0.06 - VL e n =022 ro —40°r? = 20° :
— - - . —0.04+-
=K >
S 004 0 c’2r’ +6°) O i
a,”(r) =
! (r3 + 63)? 0.06
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* ~0.08
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Background inhomogeneity

* The EFT operator contains bg. inhomogeneities 5/ = K* — Kh*/3

17

Mukohyama, Seralille,
Takahashi, VY 24

2
— r
ZLoda D M(r) 6, 6K,6K)] A(r)=B@r) =1 3# :
ercmmoness r°+ o0
» Non-trivial sound speeds for GWs sound black hole ~ a"”(r) = ¢; 5 — 1 & My(r) n=olr,
0
T 0.05 39,3 4 3 *
L — = 20°(2r° +

i S 7= 0.10 a(r) = 66( ’; ; 6)6 ~0.02

006l ,,,,,,,, N = 0.22 ro —4o0°r° — 20 *

— - | S5 —0.04 -
=K =

S 004 S :

- —0.06 -

0.02 - i

I —0.08
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EFT with Screening

Mukohyama, Vernizzi, VY, in prep.

 Accommodate the screening mechanism in the EFT of Compact Objects

-----
- S

-
--------

. Spg = r.a’4x,/—g

M’% 7T 1 4 7T 1 3¢ 1T
TfR—A—c(y)g +5m2(5g )—5m35g oK + -

DE

+ 5,



EFT with Screening

Mukohyama, Vernizzi, VY, in prep.

 Accommodate the screening mechanism in the EFT of Compact Objects

-----
- S

-
--------

.. Spp = r.a’4x,/—g

O8pg = 08

M’z( 7T 1 4 7T 1 3¢ 1T
TfR—A—c(y)g +5m2(5g )—5m35g oK + -

T

ob]

+ Ag™

Ag

T — =TT =TT

= 8obj ~— SDE

DE

+ 5,



EFT With Screening Mukohyama, Vernizzi, VY, in prep.

 Accommodate the screening mechanism in the EFT of Compact Objects

JPE A P ~. " _Mi T 1 T 1 7 _
'/x “\\ Spg = | d4x\/—7g TfR—A—c(y)g +5m§(5g )—Emgég oK + --- + 5.,
L’ \‘ - - DE
E Y O8pE = 08gp; T A8 Ag™ = gt — &bk
‘ ': M;
: I _ 4 0 %
: ; Sobj = Jd X\/—8 TfR - A —c(y)g” — pK — aK K, + 35,
\ ! obj
\‘ ',’ Tadpole parameters are fixed by screening profiles
“\ R Nonlinearities of perturbations in EFTofDE are encoded up
Tl . to tadpole terms in EFTofCO

~ -
~ -
--------



Extension to vector-tensor gravity

 Formulate the EFT of BH perturbations in vector-tensor Aoki, Gorji, Mukohyama, Takahashi and VY 23
(A, 8,,): 3+2 dofs
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Extension to vector-tensor gravity

 Formulate the EFT of BH perturbations in vector-tensor Aoki, Gorji, Mukohyama, Takahashi and VY 23

(A, 8,,): 3+2 dofs |
Sym. Breaking pattern

. e H ‘ Unitary gauge |

preferred time direction not preferred time slicing | 4d diffeo. : 3d diffeo. +
: 6/5 — 5;+gMA/,¢ A,u —> A//t + aﬂ)(] ’

h;w = Ew TR, Projection tensor # induced metric

I )
o
b 4
{

T—=>T—8uX



Extension to vector-tensor gravity

 Formulate the EFT of BH perturbations in vector-tensor Aoki, Gorji, Mukohyama, Takahashi and VY 23

(A, 8,,): 3+2 dofs
Sym Breaklng pattern

n,xo +gyA =0! nnt=—1 .
- S 3 | Unltary gauge |
preferred time direction not preferred time slicing | 4d diffeo. : 3d diffeo. + ;
_ | 6p =5+ gud, Ay ™ Ap T 0 ]

h;w = 8, TN, Projection tensor # induced metric ]

T > T—gyx 1|

» General EFT in unitary gauge: 87 =g +2gy A" + g, A A" K,=h{,6V,.n,

i - J'd ’x g <g(g-f’[ ( )R//ﬂ/’ K//”/’ E//ll/’ B/’”/, 9/,{)

The orthogonal spatial orthogonal covariant
Ricci curvature derivative



Extension to vector-tensor gravity

 Formulate the EFT of BH perturbations in vector-tensor Aoki, Gorji, Mukohyama, Takahashi and VY 23

(A, 8,,): 3+2 dofs
Sym Breaklng pattern

. S H ; Unltary gauge
preferred time direction not preferred time slicing | 4d diffeo. : 3d diffeo. +

| 6r =7+ A, Ap > Ayt O 7]

h;w =8, TN, Projection tensor # induced metric ] '

T > T—gyx 1|

» General EFT in unitary gauge: 87 =g +2gy A" + g, A A" K,=h{,6V,.n,

S o S ‘; Time coord. is not a Explicit time-dependence
o 4 3 ] P P
.S = Jd X/ — 8 g(g” ( )R K .E .B D ) good EFT building block! Is not allowed

S S e L iz

The orthogonal spatial orthogonal covariant
Ricci curvature derivative



Extension to vector-tensor gravity

 Formulate the EFT of BH perturbations in vector-tensor Aoki, Gorji, Mukohyama, Takahashi and VY 23

(A, 8,,): 3+2 dofs
Sym Breaklng pattern
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Extension to vector-tensor gravity

 Formulate the EFT of BH perturbations in vector-tensor Aoki, Gorji, Mukohyama, Takahashi and VY 23

(A, 8,,): 3+2 dofs
Sym Breaklng pattern

— S g ‘ Unltary gauge
preferred time direction not preferred time slicing i 4d diffeo. — 3d diffeo. + ]
_ | 5 =0+ gyh, Ay Ayt 0]

h;w = 8, TN, Projection tensor # induced metric ] '

T > T—gyx 1|

» General EFT in unitary gauge: 87 =g +2gy A" + g, A A" K,=h{,6V,.n,

i I B ' - Time coord. Is not a Explicit time-dependence
o | 44 r (3) ! P P
5 = Jd X\ —8 Z (g R,w, K,,w, E,,,,,, B/m £, D)} good EFT building block! s not allowed

The orthogonal spatial orthogonal covariant NEED two sets of consistency relations

Riccl curvature derivative

 EFT of vector-tensor theories on cosmological background  Aokiet. al. 22



The Web of EFTs

extension to any _ _
Scalar-tensor background o, EXtension to FLRW Scalar-tensor
' i EFT of inflation/DE | <

fﬁ EFT of scalar-tensor on | g
| | Cheung et al. 08,

| arbitrary background | neul :
 Mukohyama and VY 22, +++] L oos e e

App. for BH

Ghost condensation ;
i Arkani-Hamed et al. 04, |
| Arkani-Hamed et al. 04 |

MinkowskKi or’
de Sitter limit

FLRW limit

soft-breaking
shift symm.

iImposing shift

imposing shift symm.

symm.

soft-breaking
shift symm.

weak

‘ gauging shift
coupling limit  § '

symm.

' Shift symmetric EFT |

Salar—tensor
| gauging shift
symm.

Scalar-tensor
weak '

coupling limit

gauging shift
symm. i,
| EFT of vector-tensor | g | jon |

on FLRW |
~ Aokietal.22 |

weak |
coupling limit §

Vector-tensor extension to any
pracnm e nmmenrnmmsenmmsmmnenmeemsmsey  0ACKground
- EFT of vector-tensor on | g
{ arbitrary background
| Aoki, Gorji, Mukohyama, §
I Takahashiand VY23 |

A. r

d  Minkowski Vector-tensor
Vector-tensor limit

FLRW limit
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20th International Conference
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Chulalongkorn University
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TOPICS INCLUDE:

Dark matter: theoretical models
and detection techniques
Astrophysical signatures of DM
Early universe and inflation

Large scale structure and dark ages
New ideas and observations on
dark energy

Dark energy (DE) and dark matter
from string theory

Neutrino cosmology and its interplay
with DM and DE

Gravitational waves
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Perhaps DE is dynamical...

 Other parametrizations of w DESI 25 . .
P (2) There exists a regime where DE

behaves as a Phantom field

. .. _ = = __

-y 3 < -1
10— e e e e " =

| \ Proposed models
£/ =il :
o G ( ) |

- . . .
f e + Thawing DE  Caldwell & Linder 05
50 i BA: wy + wq a2—(|—(13)a)2 i
| =—— EXP: wy— wg + waexp (1 — a) ; » Emergent DE Li & Shafieloo 19+20

LOG: wy — w, In(a)
JBP: wy + wea(l — a)

0.0 0.9 1.0 1.5 2.0 2.9 3.0 e
> o

B + Mirage DE Linder 07




Rotating background

Mukohyama, Oshita, Takahashi, Wang, VY, in prep.

General EFT can be applied to any background metric

Our task is to realize the coordinate system where D is spatially uniform

Stationary and axisymmetric background:

g, dx*dx? = g, (r,0)dt” + g,.(r, 0)dr* + gy(r, 0)d0” + g4 4(r, O)dp* + 2g,(r, O)drdep .

LRI

For simplicity, we consider X = g0, ®9,® =const and &(7) x 7

Hamilton-Jacobi eq for a
timelike test particle

Solve these egs. to obtain coordinate transformations where EFT is constructed
(The form of EFT is the same)



Couplings of DE with matter

* For our DE to contribute to the CC. problem O -

 Traditional scalar-tensor theories SM

T8, #1 = [d‘*x\ﬁ [J‘(¢)R - —<a¢>2 V<¢>] —_

Non- mlnlmally coupling btw. ¢ and g,

. ' — | d%y. /= _ 2 _
Add matter couplings S Jd x\/7g [f(qb)R 2((345)

g/];y — f(¢)gﬂy V(¢)/f2

+ 5

= = Jd‘w gE[ — Z(h)8!" 0,40, — V()

WA

Gravity is standard, but matter is coupled with ¢ via ¢T

x = (@)

f(®)

= y/w(y)

Jordan-Brans-Dicke theory

V(@)

Minimally coupled

l/fm;f‘l(qb)gfy:

+ Slwms 8]

Jordan frame

Einstein eq. Is
modified

Einstein frame



Quintessence coupling with matter

+ In Einstein frame: gravity is standard Sy, [/~ (@)g,,

o

m A/
Y = — VI T = () TxV, ¢  with TE—g’“’TE

T A)

A/
Exercise: Show that e — Vi(@) = @) Tx ¢ is sourced by Ty

A(¢)

Solution: &, = A(qb)zg,w S[&.) = Sepl g B + Sl Wi

1 /
Pl vl =3 |45/ T, vl = [y
= OSulgu Yl =5 SO o Einstein frame OSmlA 8 Yl = | dxy /=g —=Trb¢p

68, = 6(A%g,,) = 2A'g,fy + A’bg,, Matter-DE coupling

Uy _—_ A —Ouv
T = AT




Quintessence coupling with matter

e Geodesic in Einstein frame ds? = — (1 + 2®)dr? + (1 — 2¥)d¥?

A’ .
= -V, — ﬁ Vv (,5 p = " and  V2O0p = 4aGMSPRX) = Pp=-—
Fifth force

GM

r

M

+ For ¢, in quasi-static limit ~ V?¢ — mq%qb = MO (X) — ¢ =-— e "’

e« From 8uy = Azg/]fy : 5&41/ = 2AA g/,w¢ +A25g,m/

O=P;+pp and Y=YWg—pp with @p=Y;

Arr

| Gravitational slip
Cly—=1]15107
(> | Shapiro time delay



Conformal transf. and f(R)
.Under g, = Q°g,, V-8 = Q4\/Tg R =

 f(R) gravity S = J'd4x —gf(R) + 5,8, Wil

R — 6gt* i

Q_zl v,V Q] Wald’s GR book, app.D
9

df

Introduce the auxiliary field ® $ S = Jd4x,/ (D) + —(R D)

+ Sl 85 Wil

® is non-dynamical —»> EoM of ® gives ® = R with f’ # 0

This can be recast into the form S = Jd4x\ /—8 [F (P)R — V(D) [ + 5,,18,,5 W]

V(D) = _f (D) + (Df (D) Use conformal transf. To go to Einstein frame



Example of using the constraint ¢y, = 1

» Expand the Horndeski action on ®(7): S[h;;] = M?zjd“x a>(t) lhg ;;2}(\:) (@ley)z]
1_%W=Mﬁ i . , .
M2 m? = — [2XG,x + XGsq + (H® — ®)XGsy] + X°F, — 3HOX?F,
MO My 2 T X = (0,0)?
e Impose m> =0 & a(1) (i)
L,=G)(P,X) Ly=GyD,X)JP h

Ly = Gy(D,X)R — 2G (@, X)[(OP)* — @, D] — Fy(X, D) e 7D D, D, D

LS — GS((D’%%G,W/(D 3 ~ISX\ . - U U o

/1, !
4ah P ST " - LA “ a8

5 W AN 4 b . 4
Baiakia T > il N i i A W I e

" ::p:.t Creminelli and Vernizzi 17, Ezquiaga and Zumalacarregui

17, Baker et al. 17, Sakstein and Jain 17



