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Modified Gravity # MOND

(well defined EFTs valid on cosmological scales)
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Overview

o Whg cosmologists stuclg MG?

e What is GWI7018177

o Where are we now”?
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' ‘ Whg stucﬂg M@G?

é Dark Sl acceleration of the cosmic expansion
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COMPOSITION OF THE COSMOS
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DE vs MG

Matter

Geometrg * , |
DLE: new exotic matter

‘ MG: NCW termS/ DOF (quintessence/ K-essence/...)

/ /
sy —AgW + 8nG 1y

Cosmologlcal constant

(clrives acceleration but ﬁne—-’tunecb

(DE: zero due to sgmmetrg/dgnamics)

If your life doesn’t make sense, buy some Dark
Energy and balance your equations. We won't
promise that the rest of the world will make any
more sense, but at least you’ll have beer.
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Other motivations

Gravity not tested on all scales
Need alternative theories to test GR
Interesting new field theories

| essons for UV-modifications

Cosmological constant Problem
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MG and cosmologg

( Weinberg:

{ GR s unique low energy EFT for massless sPin~Z

(4D, Lorentz-invariant) |
i /
; Break assumptions:

i

e Exctra DO - scalar~t<:nsor3 vector-tensor
i =T ;
| o Break Lorentz ~ JTeVeS, Einstemn Aether

e Add mass - massive gravity

e Extra dimensions - braneworlcl, comPact dimensions

T B T 3 =TT

o

Wéinberé ‘65



Modified gravitg frameworks

- Tupically use Horndeski + extensions:

V= f
- FGx (O (VWG] + y X)GHM'V V¢
—%Gy), x [(@¢)® — 3\ V* s VW, e %vm + VOV, VAV o ]

| free functions - model builcling
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Motivations

7e Simple (onlg one extra scalar)

e FOM is second order (no ghosts)

o ngmetries/ = (clepencis on Precise form)
[Es Hide fifth-forces with “Vainshtein Mechanism’

EFT with cut-off Az = (MuHg)'/? ~ (1000 km) ™




Gravitational waves

i (FLRW)W + h,
7/ /

(space-time) (expa ndin g universe) (GWs) |
speecl of GWs
3. 3]i2  CF >
Saw X / dtd°Za” | hj; " (Okhij)

speec‘ of GWs # speecl of Photons

(on distances above cut-off i.e. cosmological)
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GWI70817

Iéess: thfn =
minutes ( )

N Nt S d
4 4 9-0*; jGW/ Classical short to months

EM170817 GRB view
view

\ Gamma, x-ray,
radio waves

Relativistic jet
Ejecta/kilonova =0

~

Gravitational
Orbital decay waves ?
Fallback material .

UV, optical, —j

infrared light

™\

|

Electromagnetic signatures
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What did we measure?

FGST

FERMI GAMMA-RAY SPACE TELESCOPE
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Geometry of GWI170817

NGC 4995
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Constraints on new DO

| Horndeski:

Q
s
|
Q

$)? — (V. V.9)?] + Gs(¢, X)G*'V .V, ¢

$)® — 3VFVY ¢V, V, 0¢ + 2V*V ¢ + VOV, dV*V a0
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. Strong constraints on: begonci Homcieski, PE@SEE

vector-tensor

=
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JS & Ja‘in 17, Bakeretal. 17, Ezcluiaga & Zumalaca’rregui 17, Creminelli & Vernizzi ‘17




——— i - - —

lmplications for DE

X)Up + G4(o)R

\

qumtessence can get acceleration no self-acceleration

K~essence strongl Yy disfavoured (7o)

(DE not MG) (Renk et al. ’17)
jreser\/es ligh’c-cone

Other theories: Juv = QQ(Qb X)g,uy

(can tune ?unctlons too)

Yo ‘-mw—{'ﬁ- e —T —— S LR

Baker et al. ]7 Ezqulaga & Zumalacarregu: A



Constraints on massive gravitg

wz—ch + m3

Constrained’y/ Constrained ]39 most

GWI170817 L IGO events

AT < 10722 eV

not ComPetitive with solar sgstem tests
(mg <0557 eV)
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f lmPorta nt caveats

f 1) Non—-cosmological modifications are unconstrained:

Treat as UV-modification: Auyv > Ajg

| GWI70817 constrains MG as dark energy
|
' Okay to study:
 Okay to study

| (Constraining UV-modifications of GR
e Black holes ot DE)

. o Neutron stars

o High»-energg Phenomena

- o — : T




Summarg

Dark energy - universe 1s accelerating
(new Pl‘ngsics, MG?)
GWI170817 changecl the face of dark energy research

New (dark energg) Dain highlg constrained

Graviton mass < 10-22eV (<1022 from SS)
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Constramts on |arge extra chmensxons
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Constraints on large extra dimensions

EM
dL

1
h D2—2 D - 4021_8(1)7

___.—.{.MWW_._- O S
- g - - . o - v

‘]“Dﬂegaget & Menou ‘O Pa_sao, I:ishbacltw, Holz & Spergel ‘18




Summarg

GWI7081/ changecl the face of dark energy research

New (dark energg) Pa= highlg constrained

Graviton mass < 10-22eV (<10-22 from SS)

e (large extra dimensions onlg)




