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Dark energy and modified gravity

Higher dimensions WEP violations

Extra fields /

Diff-invar. violations

Dynamical fields
(SEP violations)

Nondynamical fields Massive gravity Lorentz-violations

Palatini f(R) dRGT theory Einstein-Aether
Eddington-Born-Infeld Massive bimetric Horava-Lifshitz
gravity n-DBI

Scalar-tensor, Metric f(R) Einstein-Aether TeVeS
Horndeski, galileons Horava-Lifshitz  Bimetric gravity . ‘
Quadratic gravity, n-DBI Berti et al. "15



Motivations

General relativity tested over special ranges of scales and masses. Cosmology is a window for
testing it on very large distances. Distinguish among models and discover new physics.
Cosmological precision tests of ACDM (precision tests of the Standard Model at the LHC)
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Strain (10~%%)

Frequency (Hz)

Gravitational Waves

Abbott et al. ‘16
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Wave equation

Gravitational wave equation:

d82 — —dt2 + CL2(t) [d&j -+ "Yz'j] da‘:”‘dfj ; Yis — U = (92"'}/2']' ; H = d/a

7;\7 + 3H*’yz-)‘j + kZ'y{\j = 167G S;\

i A=+, X



Modified wave equation

Gravitational wave equation:

d82 — —dt2 + CL2 (t) [5@] -+ '7@]] dil_lndfj ; Yis — 0= (92’7@] , H = a/a

damping dispersion source polarizations

oy + H[3+ . 30 + [pR2 . gy = 16mG Sy A=+ %



Modified wave equation

Gravitational wave equation:

d82 — —dt2 + CL2 (t) [5’63 -+ ’yw] dll_lndfj ; Yis — 0= (’)L%] , H = a/a

damping dispersion source polarizations

g+ H[34 .. ]9 + [Ak*+ .. ]y = 167G S, A=+, X

Modifications in the wave equation are related to modifications of gravity in the LSS:
w=pu(...), ¥ =%(...)

V2® = 471G 116 pmm
V3 (® 4+ ¥) =47G T 6 pm



sSource

Modified gravity can change the motion of inspiral objects and thus the production
mechanism. Affects GW phase (and amplitude)

S+ 3HA) + k) = 167G S}

A=+, X



sSource

Modified gravity can change the motion of inspiral objects and thus the production
mechanism. Affects GW phase (and amplitude)
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Consistency check of general relativity:




Polarizations

Modified gravity can treat differently the two polarizations in both the production mechanism
and the propagation (ex. Cherns-Simons gravity) Jackiw & Pi ‘03
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Polarizations

Modified gravity can treat differently the two polarizations in both the production mechanism
and the propagation (ex. Cherns-Simons gravity) Jackiw & Pi ‘03

A

iy + 3HAy 4 [K+ 1 (k)] viy = 167G S} T X

17

Modified gravity can involve different degrees of freedom: scalar, vectors, extra tensors



Polarizations
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Polarizations

Will ‘14

Gravitational-Wave Polarization

Standard GR: 2 transverse modes (spin-2) y o y o
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Gravitational-Wave Polarization

Scalar-Tensor: 2 transverse modes (spin 2) + 1 y o y o

transverse mode (spin 0)

Cf. Adrien Kuntz’s talk




Polarizations
Will ‘14
Gravitational-Wave Polarization

Massive graviton: 2 transverse modes (spin-2) + 2 o

longitudinal modes (spin 1) + 1 longitudinal mode
(spin 0)
Cf. Philippe Brax’s talk




Polarizations
Will ‘14
Gravitational-Wave Polarization

Scalar-Vector-Tensor: 2 transverse modes (spin-2) o

+ 1 transverse mode (spin 0) + 2 longitudinal
modes (spin 1) + 1 longitudinal mode (spin 0)




Polarizations
Will “14
Gravitational-Wave Polarization
6 polarizations + 2 directions = 8 unknowns y o

Assuming only transverse polarizations and
known positions = 3 detectors enough
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Gravitational Waves propagation

Modified gravity spontaneously breaks Lorentz Invariance. Acts like a medium, where
gravitons are absorbed and dispersed. Effects accumulate on long time-scale.

S+ H[3+ . ] + [crk*+ . ]y =0

Credit: APS/Alan




Gravitational Waves propagation

Modified gravity spontaneously breaks Lorentz Invariance. Acts like a medium, where
gravitons are absorbed and dispersed. Effects accumulate on long time-scale.

S+ H[3+ . ] + [crk*+ . ]y =0

Energy ,
Mp =10%7 eV  _|
A, =107 eV — Lorentz breaking scale
Ay = 10-12 & UV cutoff
Waw = 10-77 eV LIGO/Virgo
Credit: APS/Alan
LSS
Cosmolo
Ho = 10777 eV _—gy



Gravitational Waves propagation

Modified gravity spontaneously breaks Lorentz Invariance. Acts like a medium, where
gravitons are absorbed and dispersed. Effects accumulate on long time-scale.

S+ H[3+ . ] + [crk*+ . ]y =0

Energy ,

Mp =1027eV  _|

N, =1077 eV — Lorentz breaking scale

A, = 10-12 6V uv Cutoff

waw = 107 eV LIGO/Virgo
Credit: APS/Alan

LSS

Similar to GW damping by neutrinos after or damping and
modification of the propagation speed by CDM o e Cosmology

Weinberg ’03; Flauger & Weinberg ‘18



GW propagation
Modified gravity spontaneously breaks Lorentz Invariance. Acts like a medium, where

gravitons are absorbed and dispersed. Effects accumulate on long time-scale.

Frequency independent effects:

Vig + H(3 + anr)Vig + ki =0

7 ™

damping speed of propagation

1= plan,cr,...), Y =Y(am, ...



GW propagation

Modified gravity spontaneously breaks Lorentz Invariance. Acts like a medium, where
gravitons are absorbed and dispersed. Effects accumulate on long time-scale.

Frequency independent effects:

Yij + H(3+ anr) iy + ki =0
/ speed of propagation

d:" # d$"  different luminosity distances

damping

Deffayet, Menou ’07;
Calabrese, Battaglia, Spergel, ’16;
Amendola et al. '17, Belgacem et al. ’17,

etc...

LISA: 04,, = 0.03 —0.1

Amendola, Sawicki, Kunz, Saltas ‘18



GW propagation

Modified gravity spontaneously breaks Lorentz Invariance. Acts like a medium, where
gravitons are absorbed and dispersed. Effects accumulate on long time-scale.

Frequency independent effects:

Yij + H(3 + anr)iy + cpk®yi; =0
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GW propagation
Modified gravity spontaneously breaks Lorentz Invariance. Acts like a medium, where

gravitons are absorbed and dispersed. Effects accumulate on long time-scale.

Frequency dependent effects: Creminelli, Lewandowski, Tambalo, FV ‘18

Yij + (3 + ozm)H + T(k)] 45 + [epk® + (k)] vij =0

decay \ dispersion

T T,
Y Y Y
T
i
Similar to Cherenkov radiation Similar to a refractive material

Related by optical theorem: ['(k)w(k) =Im |f(k)]



GW propagation
Modified gravity spontaneously breaks Lorentz Invariance. Acts like a medium, where

gravitons are absorbed and dispersed. Effects accumulate on long time-scale.

Frequency dependent effects: Creminelli, Lewandowski, Tambalo, FV ‘18

Yij + (3 + ozm)H + T(k)] 45 + [epk® + (k)] vij =0

decay \ dispersion

T T
gl y N
T
I
Similar to Cherenkov radiation Similar to a refractive material
I'(k) o 1 fh) o 1 g-1s, 27 x 100Hz 40 Mpc
w 7 dgw w2 ™~ dow 5 ds

See e.g. Yunes, Yagi, Pretorius ’16; Abbott et al. ‘17



GW propagation
Modified gravity spontaneously breaks Lorentz Invariance. Acts like a medium, where

gravitons are absorbed and dispersed. Effects accumulate on long time-scale.

Frequency dependent effects: Creminelli, Lewandowski, Tambalo, FV ‘18

Yij + (3 + ozm)H + T(k)] 45 + [epk® + (k)] vij =0

decay \ dispersion

T T
Y Y Y
T
i
Similar to Cherenkov radiation Similar to a refractive material
Simplest case:  f(k) = m? m?/w?® < (dsw)™' = m,<107* eV
) — Y , 8% S Y

See e.g. Yunes, Yagi, Pretorius ’16; Abbott et al. ‘17



Dark energy and modified gravity

Higher dimensions WEP violations

Extra fields /

Diff-invar. violations

Dynamical fields
(SEP violations)

Nondynamical fields Massive gravity Lorentz-violations

Palatini f(R) dRGT theory Einstein-Aether
Eddington-Born-Infeld Massive bimetric Horava-Lifshitz
gravity n-DBI
Scalar-tensor, Metric f(R) Efhstein-Aether TeVeS
Horndeski, galileons Orava-Lifshitz  Bimetric gravit : ‘
: vy Berti et al. ‘15

Quadratic gravity, n-DBI



Scalar-tensor theories

Simplest models of modified gravity are base on single scalar field (universal coupling)

Ex: L=R+V(¢)—g""0,90,¢ quintessence
Gy = 876 (Tt 4 1(0)

w = 1



Scalar-tensor theories

Simplest models of modified gravity are base on single scalar field (universal coupling)

Ex: L=R+G:¢,X), X=g""0,00,¢ k-essence
Gy = 876 (Tt 4 1(0)

¢ # 1: clustering



Scalar-tensor theories

Simplest models of modified gravity are base on single scalar field (universal coupling)

Ex: L=f(p)R+G2¢p,X), X =g""0,00,¢  scalar-tensor gravity

modified) matter o
Gmodified) — 8 (Tt 4 1(9))

self-acceleration



Moditied gravity
Simplest models of modified gravity are base on single scalar field (universal coupling)

Ex L= f(¢)R+GCa(d X), X =g"0,00,¢

modified) __ matter o,
Gmodified) — 8 (Tt 4 1(9))

Gmlmg
7“2
< >
S 3 > ®
2 Gmimo - '
2 U =£o
fifth force anomalous light bending
scalar-tensor >
O(1) O(1)
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Screening

Simplest models of modified gravity are base on single scalar field (universal coupling)

Ex: L = f($)R + Ga(¢, X) + Gs(¢, X)Og 0=g""V,V,
A—;b > 1 Vainshtein screening: large classical scalar field nonlinearities
3
Gmlmg
72
< > =
Q——e
o2 Gmima _— |
2 U =£o
fifth force anomalous light bending
Ag ~ (Mp1H2)Y3 ~ (1000 km)~?
< scalar-tensor >
O(1) O(1)
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Screening

Simplest models of modified gravity are base on single scalar field (universal coupling)

Ex: L = f($)R + Ga(¢, X) + Gs(¢, X)Og 0=g""V,V,
A—;b > 1 Vainshtein screening: large classical scalar field nonlinearities
3

U=

Ag ~ (Mp1H2)Y3 ~ (1000 km)~?
< almost GR ——p <« scalar-tensor >
< O(107?) O(1)
1 A-L107 10°  rss 10" 10° 10%°  g-1 10%
3 0 km



Is this the end of the story?



(Generalized theories

Horndeski 73
Most general Lorentz-invariant scalar-tensor theory with 2nd-order EOM. Deffayet et al. 11

L= Gy(¢,X)R+ Ga(¢, X) + G3(¢, X) O ¢ = X=9"budu
- 2G1x (6, X)[(00)° = (d0)?]

+ G5(¢, X)G* ¢, + %G5,X(¢a X) [( Cb)g — 3 ¢(¢;W)2 + 2(¢;MV)3]




(Generalized theories

Horndeski 73

Most general Lorentz-invariant scalar-tensor theory with 2nd-order EOM. Deffayet et al. 11

L = Gy(d, X)R + Go(h, X) + G3(¢p, X) O
2G4 x (6, X) |(09)* = (d)?|

+ G(6, X)G 6, + 3G (6, X)

Degenerate theories: most general stable theory.

See Karim Noui’s talk

Beyond Horndeski theories:

!/ ! !
— F4(gb, X)euvgeu o P J¢;u¢;u’¢;w/¢;pp’

¢)° — 3

/! /
— F5(§b, X)E,uupae,u vPe ¢;u¢;u’¢;w/¢;pp’¢;aa’

XG5 xFy=3F5 |Gy —2XGy x — (X/2)G5 4]

¢=¢y X=9"0.u0u

O(Dspn)” + 2(P30)”]

Langlois, Noui ’15; Crisostomi, Koyama, Tasinato ’16

Zumalacarregui, Garcia-Bellido ‘13

Gleyzes, Langlois, Piazza, FV 14



Setting cr=1

L= Gy(¢, X)R+ Go(d, X) + Ga(, X) O ¢ =y X=9"0u0u
- 2G1x(6, X)[(06)* = (6,)°]

1
+ Gs(6, X)G" Gy + 5G,x (9, X) | (O6)° = 300(0y)? + 2(9y0)°]

/7 !/
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!/ _ 7 [/ /
— F5(¢a X)e,quaeu v ee ¢;u¢;u’¢;yy’¢;pp’¢;aa’



Setting cr=1

L = Ga(¢, X)R + Go(¢, X) + Gs(¢p, X)06

¢

— 2G4 x (6, X) [(D¢)2 _ (qb;;w)z]

+ Go(6, X)GM B + 7G5 x(6,X)[(O)° 3

/7 !/
— F4(¢7 X)G'L“//(Oye'u vr J¢;u¢;u’¢;z/u’¢;pp’
!/ _ 7 [/ /
— F5(¢7 X)G,uv/oaeu vee ¢;,u¢;,u’¢;yy’¢;pp’¢;aa’

Scalar field play with gravity through higher derivatives:
0 o

L, ~ (%) — G (Okif)°

O X =9""0u0.

¢(¢SMV)2 + Q(QS;MV)S]

2 —1x 2G4 x —Gs.y — (Hp — ¢)Gs x +XFy — 3HX HF5

Expected from LSS:  |c5 — 1| < few x 0.01



Setting cr=1

L =G4, X)R+ Ga(0, X) + G3(0, X)0¢ p=0¢5 X=g""0,u0.
— 2G4, (6, X) (06)? = (6,)°
-l 1 - - orelefy gl 3
=G5 TU,™ . Yipy T "’;"4 s — AN MY BN

/1 7
— F4(¢, X)euvgeu op J¢;u¢;u’¢;W’¢;pp’

N

Scalar field play with gravity through higher derivatives: =
0 o o
VuVudOT00,6 =  T%¢D 4,4 w
.
C\2 2 2
Loy~ (Yi5)" — e (Orvij)

2 —1x 2G4 x —Gs.y — (Hp — ¢)Gs x +XFy — 3HX HF5

Expected from LSS:  |c5 — 1| < few x 0.01



Setting cr=1

L = Ga(¢, X)R + Ga(¢, X) + G3(¢, X)O¢ =9y X=9"dudy

— 2G4 x (¢, X) [( ¢)? — (¢;uu>2]

Scalar field play with gravity through higher derivatives: =
V,.V,6DT038,6 =  T%dDAd m“i}
Ly~ (§ij)* = 7 (0ki5)°
¢ — 1o —2G4x — Gs9 — (Hp — ¢)Gs x +XFy — 3BHXGF;

Most general theory compatible with ct=1: G5 = F5 =0 , XFy=2G4 x

Creminelli, FV ’17; Sakstein, Jain ’17 ; Ezquiaga, Zumalacarregui ’17 ; Baker+ 17



What remains

L =G4, X)R+ Ga(0, X) + G3(¢p, X)Uo p=0¢5 X=g""0,u0.
— 2G4, (6, X) (06)? = (6,)°
-l 1 - — ol a
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The decay of GW

Creminelli, Lewandowski, Tambalo, FV ‘18

Beyond Horndeski implies cubic interactions between GW and scalar fluctuations &

(k1)

O ..
,Cq/ﬂ-ﬂ- — vajamcajwc
3
vy (p)

Ay = (Mplﬂg)l/g T = 5gb/gﬁ0



The decay of GW

Creminelli, Lewandowski, Tambalo, FV ‘18

Beyond Horndeski implies cubic interactions between GW and scalar fluctuations &

N m(k1)
Loy = A—fg’ngamajwc
3
v5 (p)
Ay = (Mplﬂg)l/g T = 00/ g
m(k2)

For cs < 1 (cs = sound speed of & fluctuations) GWs can decay into into dark energy
fluctuations &s. Analogous to Cherenkov radiation

2
QH wgw(l o 63)2
[' ~ — - decay rate
A c!

dsT' < 1 — ag < 1078



GW dispersion

Creminelli, Lewandowski, Tambalo, FV ‘18

Spontaneous Lorentz-breaking implies modifications of the dispersion relation

N (k1)
Loy = A—fg’ngamajwc
3
75 (p)
Ay = (Mplﬂg)l/g T = 00/ g
m(k2)
Graviton self-energy:
q—Dp
2 1.8 22
2 _ 1.2 apg " k(1 —c) 2
w = k° — (A_g) 7'('62 lOg <—(]. — CS)
q

Strong constraints on an, also for cs> 1

Optical theorem: I'(k)w(k) =Im|f(k)]



What remains

L =G4, X)R+ Ga(0, X) + G3(¢p, X)Uo p=0¢5 X=g""0,u0.
— 2G4, (6, X) (06)? = (6,)°
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What remains

L= Ga(¢,%)R+ Ga($, X) + G3(¢, X) 0o o= X =970

Y

XFy=2G4x=0

X?F
O = — 420

Gy




What remains

Is this the end of the story?
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What remains

Is this the end of the story?

Yes.

1
Suppressed GW decaying rate and L ~ ' C-é’ﬂc(?j T

YT = F%J
modification of the dispersion relation 2

Ao = (Mp1Hp)'? ~ 1019A4

Here decay is perturbative but the high occupation number (~1049) of the GW will
(Bose) enhance the decay. Can we rule out Gz as well?



Gravitational Waves propagation

Modified gravity spontaneously breaks Lorentz Invariance. Acts like a medium, where
gravitons are absorbed and dispersed.

;)./Zj 3 =+ QM)H ‘|‘ F Vij + [C%k’z -+ f(k)} Yij = 0

decay \ dispersion

T T,
: : ‘ :
T
i
Similar to Cherenkov radiation Similar to a refractive material

= pulam,cr=1ag =0,...), Y =Y(am,cr=1,ag =0,...)



Phenomenological parameters

Commonly used, very general, approach:

(),

2
Yi(t, k
O+ WV =-8nG (k2 )5,0

U = —4xGE

- Infinite parameters at fixed redshift: needs binning
- Agnostic binning may miss physical ingredients (locality, causality, stability, etc.)

- Misses connection with other observables (e.g. gravitational waves)



—ffective approach Gubitosi, Piazza, FV *13

Gleyzes, Langlois, Piazza, FV ’14
+ many refs and authors
Bridge models and observations

Space of in @ minimal and systematic way

theories

Ga(é, X)R + Ga(¢, X) + Gs(¢, X)Oob <

EFT of DE
01(t), aalt), ...

~ 2G4,x(6, X)[(00)° ~ (6]

model

GR




Space of
theories

Ga(é, X)R + Ga(¢, X) + Gs(¢, X)Oob

~ 2G4,x(6, X)[(00)° ~ (6]

. 1
+ (7‘-,((') AY)(T'/’]/(fT);/11/ + ;C;’)X(O AY)

X {(D“)‘; - :BD(}‘))((;‘)://I/)Z + 2(‘}6:/11/)3}
+ ...

—ffective approach Gubitosi, Piazza, FV *13

Gleyzes, Langlois, Piazza, FV ’14
+ many refs and authors
Bridge models and observations

in @ minimal and systematic way

Observations,

EFT of DE

Ckl(t), Clg(t),

P(K)[(h=" Mpc)’]
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DT [uk?) 4000 T
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0
TT /TT [0 05
sDIT/DIT %] 95
—-0.5

e O .
Bellini, FV et many al. 17 1 —0.5 0P(k)/P(k) [%]
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Multipole ¢ k[h/Mpc]



Caveat: recovering Lorentz invariance

k4
2 2 2 2 2 2 TP
w? = ch(a)k® + e W— (1 + O(M?/k )) de Rham, Melville *18
Energy ,
1 101 Mp =1027eV  _|
7 N, =1077 eV —| Lorentz breaking scale
100+~
, * -
cs? 203 ||l }: | p-roey UV CUtoff
jln 107" waw = 10-72 eV LIGO/Virgo
/3 Ho Hrec PTA LISA  LIGO 1072 . LSS
1020 10" 1079 107 109 10°
Cosmology
k/Hz Ho = 10733 eV




Conclusion

® GWs dramatically change the prospect for LSS: huge cut in available models
@ Breaking of Lorentz allow gravitons to decay

® Many theories are ruled out by cr=1 and by the absence of GW decay and
modifications in the graviton dispersion relation: G4, Gs, F4, F5 are absent.

Future:

® Are there other models constrained by the same effect?

® Can we rule out Gs as well?






