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Modified gravity constraints

Combination of weak-lensing measurements (DES) and redshift-space distortion measurements
(CMASS - BOSS):

this work (base + planck)
— DESY1 redMaGiC + CMASS + planck
---DESY1MG (Abbott et al. 2019)

po = —0.37734% and By = 0.078750%5
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Fifth force and anomalous light bending
* Fifth force O=0.+pp=—-(1+ 2a2)G_M
r

=W, = — (1 - 2000
r

actual star observed star

Post-Newtonian Parametrization (PPN):
Slip parameter 7 = W /®

r 2

e Light bending 0 =2(14~) Ocr

y—1=(-17+45)x10"*

e Shapiro time-delay

At = 2(1 + 7)GM; [ln (4”’“) n 1]

ro

y—1=(21+23)x107°

Ao’ 5
7_1:_1—%2042 o] <5-10




Fifth force and anomalous light bending

* Lunar laser ranging. accurate measurement of lunar period
and mean distance

G/G| <449 x 10 Byr!

G G '
— <107 > —=2a ¢
H,G H,G HoMp,

<1073
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Cubic galileon

Model ruled out by integrated Sachs-Wolfe/ 0.2- Renk et al. “17
galaxy correlation (Wide-field Infrared Survey
. . . 0.1+
Explorer). The gravitational potentials deepen < y
instead of getting swallower as in LCDM § 004 —————
s S
= —0.1- T
-
—0.27 " — AcDm vGal5
———- vGal3 WISE Data
-0.314 vGald from Ref. [30]
20 40 60 80 100



Cubic galileon

Model ruled out by integrated Sachs-Wolfe/ 0.2- Renk et al. “17
galaxy correlation (Wide-field Infrared Survey
. . 1
Explorer). The gravitational potentials deepen 2 0 y
instead of getting swallower as in LCDM § 004 Lt
s U QI B
= —0.11 P
f
T 029 ACDM vGalb
. -——- v(Gal3 WISE Data
034 vGald from Ref. [30]
_ _ 20 40 60 80 100
We can easily generalize the model ¢
M2 R C2 C3
S = [d'z | - Z(09) — = (0¢)°0
[ ate | M8 - 2002 - 06200

3
v v
Gz(gb,X) GS(gbaX) X = VM¢V’U’¢
| _ () X\
Gi(¢, X) X;O W (9) (H&Mgl)

In principle, self-acceleration and screening. Much wider range of parameter space:
more difficult to constrain
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Horndeski theories

Covariantization: Most general Lorentz-invariant scalar-tensor theories with 2nd-order
equations of motion: 1 scalar + 2 tensor polarisations

L) = Ga(¢, X) X = V,46V"¢

LY = Ga(4, X)0¢

L) = Ga(d, X)R — 2G4 x(¢, X) [(0¢)* — (V. V., )?]

Ly = G5(6, X)G*'V, V6 + %Gax((ba X) [(B9)” = 306(V,.Vie)” +2(V, V. 9)]

. X "
Gi(6.X) = X 30 (3 )

n=0

Without gravity, Mpi = « (and Az const.), Horndeski theories reduce to Galileons. Galileons
are the skeletons of modified gravity



Event rate (counts/s)

Frequency (Hz)

GGravitational waves

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

Lorentz invariance is spontaneously broken. Gravitational waves acquire \
non trivial speed of propagation. (Think of light travelling in a material.)

Yij + 3HAij + cpk®yij = 0

Ly = Ga(g, X)
£ = Gg(gb,X)qu//v Yig — (Oryig) L
(4) 2 2 i
Ly = Gu(d, X)R - 2G4 x (6, X) [(O9)° — (V. V.0)7)
£ = G5(¢, X)G*'V V., ¢ + %G5,X(¢, X) [(O¢)° - Sch@ 2(V,V.,9)°]



GGravitational waves

Lorentz invariance is spontaneously broken. Gravitational waves acquire
non trivial speed of propagation. (Think of light travelling in a material.)

Yij + 3HAij + cpk?vi; = 0

L% = Gy (0, X)




Frequency dependence?

, Observed
Cosmological scales
scales
© © © >
Hy M A
-ttt
Frequency (Hz) 10 10" 102 107 108 10 10% 1072 1 102
[ RS N [eeeeraen)
CMB PTA LISA BBO  LIGO/Virgo

EFT of cosmological scales may not apply to LIGO-Virgo scales [de Rham, Melville *18]

Theory may break down and tensor speed may go back to luminal on short scales

27N e? f

me wj— w? —iyw

n(w) =1+

Can we use GW observations to constrain these theories?



Conclusions Lecture 5

e Modifications of gravity can be probed by cosmological observations: redshift-
space distortion, weak lensing. However, they are tightly constrained by Solar
System tests. How can we modify gravity on cosmological scales and
simultaneously pass SS tests”?

¢ \We have studied the screening mechanism displayed by a cubic Galileon.
Nonlinearities of the scalar field induced by overdensities (like the Earth or the
Sun) suppress the fifth force.

e A covariant Galileon naturally displays self-acceleration: observed acceleration
explained by modified gravity, without a CC. Ruled out by ISW-gal correlation,
but one can enlarge the parameter space.

e Galileons: set of Lagrangian with the same characteristics: important
nonlinearities that contribute to screening and self-acceleration but second-
order EOM (only one propagating dof). Non-renormalization theorem:
guantum corrections are small at low energy.

e Horndeski theories: covariantized version of the Galileons: most general
scalar-tensor theories with second-order EOM. Used as a testbeds for modified
gravity in cosmology. A large set of them possibly ruled out by GW170817.



