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Introduction

e Universe undergoes accelerating expansion = Many models of dark
energy (DE) e.g. Quintessence, P(X), (beyond) Horndeski, etc.

e Gravitational wave (GW) observations = New test of GR and
modified gravity theories

e Use GW propagation (LIGO/Virgo) to constrain those DE models

Dark energy instabilities induced by gravitational waves August 20th, 2020



Dark enery models: Scalar-tensor theories

e One extra scalar field:

L=R- %X — V(o) Quintessence
L="f(¢)R— %X — V(¢)  Brans-Dicke
L=R—-"P(¢,X) k-essence

X =g 0,00,¢

Scalar fluctuation: ¢ = ¢o(t) + 7(t, x) leads to a sound speed cs

X% @3(t)i® =  Lp~ 7% — c2(0m)?
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Dark enery models: Scalar-tensor theories

e Most general scalar-tensor theories with 2nd order EoM:
(Beyond) Horndeski

£2 :G2(¢7 X)
L3 =G3(¢, X)Oo
L4 =G4(6, X)R — 26y x(¢, X)[(O))? — 6, 9""]

1,0 A

- F4(X> ¢)6W006u ve J¢u¢,u/ ¢I/V’¢pp’

L5 =656, X) Gt + 3 s x(6 XUT)® — 300Nt + 20,00,

= Fs(¢, XY P2 07 Gucpy bu dppy oo

$u=Vyuo
Horndeski 74, Deffayet et al. 11,
Zumalacérregui and Garcia-Bellido 14, Gleyzes et al. 14
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Dark enery models

e The cosmological background ¢o(t) spontaneously breaks Lorentz
invariance

e Interesting phenomena for tensor perturbation ;; from second derivatives

For example

(VuVu0)® D o575

Ly~ 73 - ‘-'2T(8I’Yij)2
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EFT of Dark Energy

e Efficient way to study a perturbation

around fixed background 6(t)= const
e Spontaneously break time
diffeomorphism
ds? = —N2dt? + h;(N'dt + dx") (N dt + dx))
S= /d4x\/7—g Lt N, KL OR, .. ] g0 =-N2

e The action contains all possible invariances under 3d diffs

Cheung et al. 08,
Gubitosi et al. 12, and many others
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EFT of Dark Energy

ST = / d*xv/—g [

2
n m22(t)(5g00)2_ m32( )5K5g00 ( )5}(: + ( )5 00(3)R

F(£) DR — A(t) — c(1)g®

2
- '"52(t) 5g%051C, — m63(t) 5K — 6(£)52%°6Gs — 3( ) 5890515

This term changes the speed of GWs

5K = 6K? = 0KL'6KY D A7, SKY = K — HoY
6G> = 0K BIRY — 6KBIR /2

6K3 = 6K3 — 36KOKYOK), + 20K} OKS OKY
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GW170817 = GRB170817A
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o 1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)
=

=

2 1500
g

= 1250
=

2 10004
R

3 750 4
) 300
g

= 200
g

g

g 100
&

-4 -2 0
Time from merger (s)

ez —1] S 10718
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EFT of DE after GW170817 & GRB170817A

e The speed of GWs can be expressed as

2m?
2=1- 4
T M2f +2m3
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EFT of DE after GW170817 & GRB170817A

e The speed of GWs can be expressed as

L 2mi
I\/Iff—i—Zm?1

2=

oczT:1:>m§:0

e The EFT action becomes

M2 2 3
Llcaszl _ 2P1 f(t)(4)R — A(t) — C(t)goo + m22(t)(5goo)2 . m32(t)5K5goo
...2 t
4 m42( )5g00((3)R _ (ch)

Creminelli and Vernizzi 17,
Ezquiaga and Zumalacarregui 17,

Baker et al. 17, Sakstein and Jain 17
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Pertubative decay of GWs due to ri3-term

e Spontaneous breaking of Lorentz
allows the decay

o m2: 5g%(®)R — 6K,) < Beyond 2 (p)
Horndeski (F4&Fs)
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Pertubative decay of GWs due to ri3-term

e Spontaneous breaking of Lorentz
allows the decay

o m2: 5g%(®)R — 6K,) < Beyond 2 (p)
Horndeski (F4&Fs)

m(k2)

e The interaction term:

1 . 3 (6% 3
Syrr = /\—2 / d4x'y;j8;7r8j7r , N~ \f2£/\3
ay =23 /M3, N3 = (MpyHg)'/3

2 7 2\2
H . ~ ay w (1_Cs)
e The perturbative decay rate: Iy, =~ <7/\§> “a80mcr

Creminelli et al. 18
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Constraint from no pert. decay

e At LIGO/Virgo, take w ~ A3, A3 ~ 10713 eV
e Compare the decay rate with the cosmological distances ~ HO_1
r'y—mw 10202 (1—c2)?
Ho " 480m e~
Ho ~ 10733 eV

ag <1071 — beyond Horndeski is highly constrained
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Constraint from no pert. decay

e At LIGO/Virgo, take w ~ A3, A3 ~ 10713 eV

e Compare the decay rate with the cosmological distances ~ HO_1

r’Y—>7T7T 020 2 (1 B )
Ho H480mcl ~

Ho ~ 10733 eV
ag <1071 — beyond Horndeski is highly constrained

e Large occupation number of GWs = non-perturbative effect,
resonant 7-production 7
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EFT of DE with constriants

Recap most general EFT action with c2T =1:5=50+ Sm;, + S,

M2 4
S [ ¢t/ =E | S OR - 0(0) () + "5 L35
3
5m3 = —/d4X\/§ m32(t)5K5g00 Cubic Horndeski
~2
Sy = / d*xy/ g ””'42(t)5g0° (<3>R + OKYSKY — 5K2)

Quartic beyond Horndeski

5g% =1+ g% SKI = KI — Hel!
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Classification of instabilities

. 2 .
o Lo+ Lm, = 575 — 3(0ky)* + 572 — 5 (0im)? + o4Om0y

+

e Treat GW as a classical background: 7;; = Mp h{ sin(w(t — z))e;;
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Classification of instabilities

. . 2 .
© Lo+ Ly = %’}/5 — %(8;{}/,’])2 + %TF2 — %(8,‘7‘()2 + %’}’,‘j@,‘ﬂaﬂr
e Treat GW as a classical background: 7;; = Mp h{ sin(w(t — z))e;
e The Lagrangian of 7 reads

£o= 12 - S0 s)omy
T = 271— > i
where
2wMp1ht al? m3
5: 2 207 /\2:_ 27 ap = — 23
c2|\?] V2ap 2MgH

[ < 1: Resonant instability = Not applicable for m3 and
improve bound for (0521 (Creminelli, Tambalo, Vernizzi and VY 19)

£ > 1: Gradient instability
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Gradient/Ghost instabilities (8 > 1)

e Let’s consider

1
£WI§[W — c2(0im)?] + A2’y,187r87r+
1 ) CS2 2 .
=S5t - ?( — B)(9im)° + NL self-couplings 4+ Source terms

Generally, this leads to the gradient instability of 7.
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Gradient/Ghost instabilities (8 > 1)

e Let’s consider

1
£WI§[W — c2(0im)?] + A2’y,187r87r+
1 2
= 57}2 - %5(1 — B)(9im)? + NL self-couplings + Source terms

Generally, this leads to the gradient instability of 7.

e Can the non-linearity quench the instability ?

e Study the stability at NL level with the bg. of 7w induced by GWs
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Classical stability conditions

e Consider a generic Lagrangian for 7
Lo =0T £ = ZM(x) 0,070, 0

e Free of instability = Conditions on Z*
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Classical stability conditions

e Consider a generic Lagrangian for 7

Lo =0T £ = ZM(x) 0,070, 0
e Free of instability = Conditions on Z*
e Absence of ghost: Z% > 0

e Absence of gradient: 7% 7% — 7179 positive definite
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Classical stability conditions

e Consider a generic Lagrangian for 7

Lo =0T £ = ZM(x) 0,070, 0
e Free of instability = Conditions on Z*
e Absence of ghost: Z% > 0
e Absence of gradient: 7% 7% — 7179 positive definite

e Cubic Galileon w/o GWs: no ghost/gradient inst. for non-relativistic
source (Nicolis and Rattazzi 04)

Dark energy instabilities induced by gravitational waves August 20th, 2020



Instability in the presence of GWs

e The Lagrangian for 7 now is

L= Yoo mom — L Cm(on) + oo+ M
= 2’)7 ILT‘- ™ — /\B T /\2’7” TOo;T 2/\4

7T’7U

M = diag(—1,c2, c2, c2), The parameter 3 ~ 5;;/A\> > 1
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Instability in the presence of GWs

e The Lagrangian for 7 now is

1 1 /\3 .
L= —577“ Oumo,m — /\B (87T) A2 ’Yua To;m + WW’V%

M = diag(—1,c2, c2, c2), The parameter 3 ~ 5;;/A\> > 1

e 7 = 7 + dm. The kinetic matrix Z*¥ for d7 is

1 ) LV 1 ~
2 = =i =2 (K0 — ) + Y K = — 5 0,0,

e The EoM for 7 is
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Instability in the presence of GWs with ¢, < 1

e Assume that v, = v (v)
e One can solve the EoM for 7 analytically

N
2(1 = c2)A*

7/_\[_I/(u) — _
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Instability in the presence of GWs with ¢, < 1

e Assume that v, = v (v)

e One can solve the EoM for 7 analytically

342
7/_\[_//(u) — _ AB’Y;W
2(1 = c2)A*
e The components of Z*¥ are
700 _ 1 +2 A”(;’) . 703 = 730 _ Qﬁ//g“) L 73— _}Csz 27?”(31’)
2 Ay A 2 Ay
1 ’.}/11 1 ,3/22
11 2 22 2
e I R TR
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Phenomenological consequences

e Free of gradient int.: 7', 7?2 <0 = <1

e Free of ghost int.: Z%° >0 =

3-1072 f=30Hz
M. =28M,

2:1072

1-1072

ap

no gradients
—1-1072

—2-1072

—3-1072

Cs

Free of instabilities: |ag| < 1072
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Fate of the instability

e The instabiliy occurs: the fluctuation grows at rate of the cutoff

e What happens next to the instability relies on the UV completion, so
does the fate of 7,
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Fate of the instability

e The instabiliy occurs: the fluctuation grows at rate of the cutoff

e What happens next to the instability relies on the UV completion, so
does the fate of 7,

e Lir = P(X) with constant X
background = Ghost + gradient
inst.

o Loy = —|06P — A6 — )
6 = d0e'™, {00) = V2 — £,
X = (0r)?

Ellis, et al. 15

All the modes are stable in the UV theory
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Conclusion

- Perturbative/Resonant decays of GWs = a strong bound on quartic
beyond Horndeski ()

- Ghost/Gradient instabilities of 7 in GWs bg. = a bound on Cubic
Horndeski (ap)

-The surviving scalar-tensor theory: g, — C(¢, X)gu

6C,X(¢a X)2
C(o, X)

- Fate of instability relies on the UV completion

L= Gz(gb, X) + C(gb, X)R + QZ);‘u(ﬁ;#qu;A(ﬁ;yA
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Backup

Dark energy instabilities induced by gravitational waves August 20th, 2020



Gradient-instability lines ag

10°
1020 f > fisco

10

[ [Hz]

— 1Mpe
ag =1 —===10Mpc

1 10 10? 10° 10* 10° 108 107 10% 107
M, [Mg)

e Gradient-instability lines, 5 = 1, for different value of ag as a function
of M. of the binary system

e The black lines indicate frequencies w > Ayy
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Gradient-instability lines ay

10°
1025~ I > fisco

10

107!

1072

/i

107%
107!
107°

107

— 1 Mpc
107 ———= 10 Mpe
10-% L . L L L L - L ;
1 10 10? 10° 10 10° 100 107 10% 10°

M, [M.)

e Gradient-instability lines, 5 = 1, for different value of ay as a function
of M. of the binary system

e The black lines indicate frequencies w > Ayy
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Dark enery models

Extra scalar field: Lorentz violating medium = c1 # 1
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Perturbative decay of GWs due to m3-term

e m3: 6K5g% < Cubic Horndeski Gs
e The interaction term:

«
_ N2
V2ap 2

1
Synr = 32 / d*xy0moim , N =

ap = —m3/2M3H

e The perturbative decay rate

ag)? Wwi(1—c2)?
r*y—)7r7r = T ron_ 7

A2 480mcl

[/Ho <1=|ag| <100, Ay ~ 1073 eV
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Resonant decay of GWs

1.0
0.8
0.6
0.4
0.2

e In Fourier space f, satisfies the
Mathieu eq.

& z/wz

d*f
dr d-2

kT
of,~e

+ [A—2gcos(27)]f =0

e the exponent 11 ~ [ for g < 1

wu
(Narrow resonance) r=", Q= p2/|p|
e Need ~ 700 cycles to reach Ao 4c52 p? (1 — Q)2
pr~ pr Tt aoap
1 — Q2?)cos(2
= 2p 0 (L etz
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Resonant decay of GWs

e EoM of 7 for m2-operator

i — 20?1 — Bsin(w(t — 2))(02 — 33)# =0
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Resonant decay of GWs

e EoM of 7 for m2-operator

i — 20?1 — Bsin(w(t — 2))(02 — 35)# =0

e Light-cone coord.

o’

42 + [A—2qgcos(27)]f =0
m(u, X) ~ /e"i"’?fﬁ(u)éﬁ + h.c.

o fp ~ el 1~ [ <1 (Narrow
resonance)

source
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Observational signature for rmy

e Modification of GWs signal: Ay ~ —A exp(ﬂwu/4)e;j

e Effect of G4 (Quartic Galileon), A% ~ AS/(anc?) for m3 =0

1.
Gy = (871') [(Dﬂ-)2 - 77;11/77'”1/] ~ Afi’}/,jaiﬂ'ajﬂ'

7
C
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Observational signature for rmy

e Modification of GWs signal: Ay ~ —A exp(ﬂwu/4)e;j
e Effect of G4 (Quartic Galileon), A% ~ AS/(anc?) for m3 =0

1.
Gy = 7(870 (@) = mu ] ~ 257 0im0)m

We obtain

Ay

—l < NCC3/2H2:<M>
ﬁw(ﬁ ye) ™ “(rHo) 5 )
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Observational signature for rmy

r [Mpc]
L7 1 10 10
L[(i()/\'ilgo I I
107184
= f =30 Hz, M. = 1.2Mg
S 10719F~ GW170817,
p 40 Mpc (rHg ~ 5-1073)
Ay
10—‘2[) ~~~~~~
10~ 10:’3 1072 107!

'I‘HO

perturbative bound: ap < 10710
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What about the resonant effect from m3-term ?

e One can run the same procedure with m3§K5g®

2
al\s

V2o
ag = —m3/(2M3,H), B = 2wMpihd /(c2|\?]), Ay ~ 1073 eV

1
mgéKégOO D ﬁ’ﬂ/,’jaiﬂ'ajﬂ' , N2 ~
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What about the resonant effect from m3-term ?

e One can run the same procedure with m36Kdg®

2
al\s

V2o
ag = —m3/(2M3,H), B = 2wMpihd /(c2|\?]), Ay ~ 1073 eV

1
mgéK(?gOO D ﬁ’ﬂ/,’jaiﬂ'ajﬂ' , N2 ~

e Once the resonance happens ( < 1), the cubic self-interaction quickly
becomes important

1
Gz ~ TDﬂ' (8;%)2 , /\% ~ Oz]gl/\g
AB

e No sizable effect on GWs signal: Avy/y <1
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What about the resonant effect from m3-term ?

e One can run the same procedure with m36Kdg®

2
al\s

V2o
ag = —m3/(2M3,H), B = 2wMpihd /(c2|\?]), Ay ~ 1073 eV

1
mgéK(?gOO D ﬁ’ﬂ/,’jaiﬂ'ajﬂ' , N2 ~

e Once the resonance happens ( < 1), the cubic self-interaction quickly
becomes important

1
Gz ~ TDﬂ' (8;%)2 , /\% ~ Oz]gl/\g
AB

e No sizable effect on GWs signal: Ay/5 < 1 = Need to study 8 > 1
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Vainshtein effect on the instability

e Suppose 7 is generated by a non-relativistic astrophysical object. The
object possibly gives a large kinetic matrix Z for 7 and healthy (shown by
Nicolis & Rattazzi) within ry (~ kpc). One sees that within this region
the coupling 67 T is suppressed and GR is recovered at small scales
(non-linear).

e Can this happen to the instability induced by GWs ? Suppose again 7 is
sourced by an astrophysical object. 7 seems to acquire a large Z. The
parameter B of ywm seems to get suppressed due to a large Z and the
instability might be stopped by this screening mechanism. But this is not
the case for the GWs traveling over the cosmo. distances (> the typical
ry) since at large distances one expects the linear perturbation theory is
recovered, so that the Vainshtein mechanism is negligible. Hence, the
argument of having large Z to suppress the instability is not applicable in
the presence of GWs traveling over cosmo. distances and the instability
still remains active.
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Fate of instability

e Once the instability happens, a huge amount is damped into 7’s until
their backreaction stops the instability. Now it's quite hard to imagine the
new 7 state will resemble to the original one and make the same
predictions. We expect the unstable 7's at some point make the thoery
healthy again but this would affect the other predictions of the theory.

e It might be that EFT breaks down at instability and one cannot make
prediction unless UV is known. But the frequency of 7’s can be as low as
1019 km that means the small scale experiment cannot be explained by
this EFT.
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Instability of plane wave 7

o Let 7 = Af(u) (consider u-direction)

o (7 (u) = —40,0,7(u) =0

o 027(u) = Af"(u), 027 (u) = Af"(u), 0:0,7(u) = —Af"(u)
e Without GWs: ZM = —Ipv — 2 (KM — nVK), we have

LA m 1 AP e AT

2 A 2 AS A3

ZH=72=-1)2

e Ghost: Z% < 0= Af" < —N}, /4.

e No gradient: Z11, 722 < 0 and (Z2%3)2 - 73320 =1/4>0

e Non-diagonalizable Z#¥: 2|Z%3| = |Z% + Z33| (avoid the theorem)
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Observational signature for rmy

e For a binary system (M, f,r): h§ ~ 1073 /(fNeycr)

e Sizeable effect in GW waveform requires exp(Bwu/4) ~ O(102)
A A
1501 = ap 21077 rHy - 22 a2
~ 2nf

e Our calculation is valid when g < 1

H, _
an < 70 Nege - rHo , Nege ~ (GMfF)~%/3

e To neglect effect of NL, demands (A~ /7))y > 0.1

(rHo)'/3

H
onz 7
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c2 =1 from GW170817 & GRB170817A

M2 2 3
ﬁlcaTFTl _ %f(t)(“)R —A(t) = C(t)goo + m22(t)(5g00)2 . m32(t) 6K6g00

)
+ m42(t) (5g00((3)R _ (5/C2)
In the covariant theory
Lomi = G, X) + Gs(¢, X)0o + Ba(¢, X) R

— ;Bzh x (6, X) (90" ¢y 0 — Db prd™)

By = Gy + XG5,¢/2
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Summary of the results

EFT of DE operator % “f 5g%° ((3)1'? + (SK;,’(SK# - 5K2) mg 3g%5K
GLPV theories with c7 =1 2XBax 2XBax | iXGix
15, T T B By 2HB,
£= G+ GO + BaR — (66" 6,06 — 6% 9 b2 ™)
Dimensionless function «; ay ap
Perturbative decay (My—x/Ho > 1) Jag| > 10710 Irrelevant (|agp| = 101°)
3 %102 < |ay| < 10717 with LIGO-Virgo Not applicable
Narrow resonance (3 < 1, fwu > 1)
10710 < ag| < 10710 with LISA (large non-linearities)
Instability (8 > 1, fw > 1) Jan| 2 10720 |ap| > 1072

The surviving scalar-tensor theory: g, — C(¢, X)gu

6C,X(¢a X)2

L= 6o X) + Co, IR+ =075

QZ);#QZ);;WQS;AQ[);V)\
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Stability in the absence of GWs

Here the Lagrangian is

1 1 T
L=—=n"9,10,1 — —n(dr)?
T WTNVT NS m(0m) T
o 7 =7+ dm, the EoM for 7 is
K+ 2 (K, KM —K?) = T /c—iaaA
2 (KK - )_2Mp1A3B’ = g T

e The kinetic matrix reads: Ls; = Z"0,6m0,0m

1
2 = — o = 2 (K0 — )

Nicolis and Rattazzi 04
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Stability in the absence of GWs

e In terms of Z,, the EoM of & becomes

1 T

1
R )
(;Uf) 3 MP]/\%

3

e For the non-relativistic source v < 1, the matrix Z"" is diagonalizable
with a Lorentz boost, so that Z%, = diag(z,z1,22,23) and T ~ —p <0

e Consider the plane zg = 0 in zj-space

1 2 2 2 1 P
-3 (21— 22)° + (21 — 23)° + (22 — z3)?] =§+WA%

= A solution crossing the plane doesn't exist

= The initial stable solution (Z** = —n*" /2) remains stable everywhere
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DGP - Self-accelerating Universe

e Cubic Gal. (0r)?Or is inspired by the DGP model
e 5d gravity theory (co-extra dim) - Bulk is Minks
e Two branches on the brane: self-accelerating and FRW (normal)

1
AMZ(Ry, — 5g,u,R) — 4ME (Kuy — g K) = Ty

= Acceleration happens w/o cosmological constant
e The brane bending mode m becomes ghost in self-accelerating branch

Dvali, Gabadadze and Porrati 2000,
Luty et al. 2003 and many others
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DGP - Instability of =

e Study an instability of 7 in the presence of GWs
e Consider a curved 5d spacetime Gyy and Gy = Gunv + Hun

e On the boundary, dey = 54dEH + S|n5dEH + SInSdGF and H/W| = hlwv
Hyuy| = Oum, Hyy| = —2Arm, A = \/_752

S8 > Mgn(K* DD, — KD?)n
neglecting Kh?, KhAr at high energy limit

= In the presence of GWs bg. G,w, the instability of 7 is solely
determined by K, ~ AG,, +V N,

How large is this new piece ?

in progress
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DGP - Modification of Green function

e To tackle this problem, let's consider a propagator of a massless scalar

field on the brane
1
G ~N e, = 2 2
e(p) Zionp P \/Pa+p

The linear in p is due to the induced action on the brane.
e The y-derivative of Lorentzian Green function in terms of (w, r) is
2 .
0y G(w,r) ~ kG(w,r) + (W) e—iwr

= Both terms are suppressed in the limit wr > 1

Any other example where
the modification of propagator is sizeable 7

in progress
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Some formulas

Canonical normalizations

Mp,
4M2 2 4 6
o= Bi(c + 4”72) +3m3 2)
2ME H?
2 H
2 _ 2
== (1+ an) M12>1H2 +aH—|—aH(1+aH)H2 (3)

apg: scalar-gravity mixing, ay: scalar-matter mixing.
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(beyond) (beyond) Horndeski

guv — C(0, X)guw + D(¢, X) 00,6 (4)

e Horn is preserved under this transf. with C(¢) and D(¢)

e If D= D(¢,X) = Beyond Horn. which is preserved under this with
C(¢) and D(¢, X)

o If C=C(¢,X) = DHOST

Beyond Hondeski structure is preseved under disformal tranf.

guw — C(¢)gu + D(¢, X)0,$0,,¢. Once we perform this field redefinition

(the disformal coefficient D depends on derivative of ¢) we obtain a
kinetic mixing between scalar and matter: ay
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Some formulas

M? = M2f +2mj =2G, —4XGyx — X (G54 + 2H¢G5 x) + 2X°Fy — 6HX*F ,
m3 =m3 + X?Fy — 3HX?Fy |
m2 = [2XG4X + XG5 + (H¢ $) XG5, 2|
m? = X[2Gyx +4XGaxx + HP(3G5 x +2X G5 xx) + Gs.¢
+ XGsxp—4XFy — 2X*F; x + HpX (15F5 + 6XF; x)] ,
me = 1ivg — 3pXF5 ,
g = —pX G5 x ,

1
my = §¢X(3G5,X +2XGs5 xx + 15X F; + 6X2F5’X) ,
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The narrow resonance

e Boltzmann equation: ¢ — xx

1.d(a%n,) 2
S X) _ Vrtﬁ%xx[(”if +1)(n*, + 1)ng) —nfnX, (14 ng’)]

~ 20 4y 16 (1 + 2nf)

nx ~ Mx ~ o Mx %
k=m/2 ™ (4mkZAKk)/(27)3 g ny f\
w2 \

o
ny o< exp( " N) o exp(2mugN)

Tgd
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